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ABSTRACT 

TfaTs essay i£ considerably longer than the published version of the same theory, 
and T& designed for readers who have only elementary knowledge of the ret T na. 

It is organized Into four parts- The first Is 3 review (hat. consists of four 
Sections; retinal anatomy, physiology, psychophyS1ts, and the retina* theory. 
Tile ma r n exposition starts with Part 11, which deals with th* operation of the 
retina r n conditions of moderate ambient Illumination, The account is limited 
to an analysis of a single tone channel -- l ike the red or the green one -- the 
rod channel being referred to- Frequently during the account- Part fFf considers 
various interesting properties of retinal signals. Including those from the ful¬ 
ly dark-adapted retina; and finally the thorny problem of bleaching adaptation 
is dealt with in Park IV, The general flow of the account will be from the re¬ 
ceptors to the ganglion cells, and an analysis of each of the retinal cells and 
Synapses is given in the appropriate place - 

Work reported herein was conducted at the Art i f lc E-aT intelligence. Laboratory t a 
Massachusetts Institute of Technology research program supported in part by |he 
Advanced Research Projects Agency of the Department of Defense and mom1 tored by 
the Office of Naval Research under Contract number NO-OC 1A-7 D j -A“D3&-2-C?QQ£, 
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Summary 

0. A brief review at the facte known about the retina is 
presen Lad 4 

1 + It is proposed that one function of the primate retina is tD 
compute lightness fay a net hod derived from the tuo-a i men a i ona i 
psral lal aTgprlthd of Horn £1974)+ 

2+ The computation consists of three stages: £tl A centre- 
e unround difference operation, computed in approximately 
logarithmic units, the result being carried by the bipolar cello, 
12) An approximately constant threshold applied to this signal, 

{31 The inverse transform of £1) „ performed in the amscrine 
layer* whose output is lightness. Lightness probably appears at 
X-cells, Which should therefore provide the Information, for 
subsequent colour naming. 

3. The operation of the midget □ipoIar-micget ganglion cell 
channel is analysed in detail. It is shown that the small, 
stratified aascrlne cells are well placed to carry the necessary 
additive lateral connexions between nearby midget bipolar 
terminals; and the diffuse anacrine cells, for supplying the 
necessary subtractive csup ling betwsen the two lateral systems in 
the inner and cuter thirds Of the inner plsxiform layer, 

4+ in particular it is necessary that:- 

Cal A large proportion of the midget bipolar dyad synapse b 
should be with stratified anacrine cells. AM synapses in such 
a dyad complex, including the amacrine/bipoIar synapse* must 
have a computationaMy positive sign. 

£bl Diffuse amacrtne cefle must receive excitation from ona 
layer (from mi dyer bipolar, and possibly from stratified 
anserine cells), and must send inhibitory synapses to the other 
layer, to midget ganglion and to stratified amacrina cells, but 
not to the midget bipolar axoh terminals. The synapses from 
mieget bipolar to diffuse amacrina cells need not be 
accompanied by a reciprocal amacrina/bipolar synapse, whereas 
those to a stratified amacr|me cell should be. 

3, Hldget ganglion cells, and perhaps all X-ccliis, should behav* 
i ifca detectors of lightness*. Their centre-surround receptive 
field organization arises from suitable setting of the DC level 
of the retinal output, 

S, When the illumination falls beifaw a certain minimum level, the 
Myhtness computation must be abandoned, 

7. Sf receptors are desensitized Over a region, the difference in 
signal size at its boundary should cause a pseudo-signal to arise 
from gang Mon CtM® all Dv*r that rag ion, Thii may be important 
for various properties of bleaching adaptation. 
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Jntroductien 

It ha* long bean thought that tha as*! yh-^sn t of subject I ve 
"light he-**" and “colour" to visible surface* depends ha I hi y upon 
the use of comparat 1 vg, not absolute, heaeurebehts of luminance 
made by the visual system (Helmholtz 1DB2 C 1 &G7 J J, An anecdotal 
expression of this opinion mag be found in the .lecture by Rvshton 
H372 p27P-3LPK No precise questions about hou these 
comparative *eaeureaients sight oe Conblned to produce global 
colour or lightness assignments uere asketf until Land formulated 
Uhat he palled his ratine* theory (see Land & McCann 19723+ 

Land's work has however been largely ignored by the main 
Community of retinal phyeiOiOg19ts, (i,g. Brindley 1973 Bakes no 
reference to his uork), This is apparently because it seemed to 
consist of observations,, about si hut tendons colour contrast* that 
have been quite us I I knoun for a long time. 

klhat then hag Land contributed? His demonstrations and the 
affect that bears his name are very us I I-known, but [ believe 
that his most Important contribution use to try to quantify the 
phenomena that he so ably demonstrated. He noticed that the 
solution of problems ih sifrultarsous contrast is an important 
issue, and deserves aore than hand-waving and neglect. He 
attempted to approach the problem in a quantitative manner, (Land 
& McCann 1971), and although his nethod is unsatisfactory, his 
contribution Is nevertheless valuable- ft formal solution to the 



Light he aa and ths retina 4 


two-dl mens lonal problem was obtained by Horn (1374) t thia paper 
enquires about i ta relevance to the primate retina. 

This essay Is considerably longer than the pub fished version 
of the same theory,, and is designed far readers who have only 
elementary knowledge at the retina- It he organ ; sed into four 
parts* The first is a ravlen that consists of four sections: 
retinal anatdJiy, physiology,, psychophysics, and the retire* 
theory. The »ain exposition starts with Part ]] P which deale 
with the operation of the retina in conditions Qf moderate 
ambient illumination.. The account is limited to an analysis of a 
single Cone chains I - like the red or the green one - the red 
Channel being referred to frefluently during the account. Part 
III Consider* various interesting p-reperties of retinal signals, 
including those from the fully dark-adapted retina: end finally 
the thorny problem of bleaching adaptation is dtlM IjI th In Part 
IV. The general flow of the account will be from the receptors to 
the ganglion cells, and an analysis of each cf the retinal ceils 
and synapses la given in the appropriate place- 

PART I: Review 


1 Xtit cb.m * aafi cel I cpntapti £i 1M primate retina 
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Host qualitatlve + and seme quantitative aspects of the 
structure of the primate retina are util understood* thanks to 
the early udrh Of Cajai (19111, and the recent thorough studies 
by rti^SOtten U9E$1, Dow I | ng and Boycott (19EDK Boycott end 
Dowling (with Kg I la 1 113551,1 and Kolb U370J, The primate retina 
contains five types of factional elements] the receptors 

themselvas, th r J her i idntsl cells, ths bipolar Celle, the amacrine 
gells and the retinal ganglion cells, uhcec anone constitute the 
optic nerve [see figure IK 

1.1 lh£ anatomy si ihfi. ^ecept-pr and outer p .leg],fa.™ iaUH^A 

At the o-utertoat enfant of the outer plejdforiti lager lie the 
primary receptors* the rods and cones, (see Brindley {19701 
Chapters 1 2K Ths out&ranctt parts of ths receptors contain 
the photosensitive visual pigments, and the innermost parts make 
contact with other retinal neurones. Ths rod* are smaller and 
more cylindrical than the cones, .and their bases ore the so- 
called rod " bdib-'j I as", that contain a single group of 
Invagi rating processes from lower cells. The bases of the donas 
widen out into the cone "pedicles', in each of uhich there are 
between 12 and 25 groups of invaqinating processes {Boycott and 
Dowling 1S5U, <olb 19731 (sEe figure la for tha general 
arrangement!, 

The cells whose processes contact, the receptors are the so- 
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Legend tn Figure 1 

Figure la ations the general atructure of the primes retina, 
redrawn tram Boycott 4 Uouling I13E? figure 351 and Kolb (1378 
figure 5GK The cones contact the horizontal coll dendrites (HQ} + 
end three kinds of bipolar tel It midget tnQS, flat midget (FrSS * 
and flat bipolar cells (FBI* The arrangement of these processes 
In the cone pedicles Is shown In figure 1c (from Kolb 1370 figure 
E0? , The rods synapse with ths horizontal cell axons (HAP, and 
with the rod bipolar Cells CRBJ in the manner shown in figure lb 
{from Kolb 1370 figure B9K The bipolar cell amons synapse with 
the ameer ine cells {Al-AEK and jjT tb the ganglion cells (G1-G4I t 
the different kinds of cell# are deseriUed In the text. Figure Id 
(from Don ling & Boycott 19Ee figure 141 illustrates a dyad 
synaptic comp leu. This is composed Of Synapse# from a bipolar 
call (B) to an aeaorine (A1 nrd; to a ganglion cell (G> T together 
tilth a tynspss bscx from toe amacrine process to ths. bipolar 
avor.L In spditiijn h gnacrl ne-amicr i ne and amacr ins-gang I i Oh 


synapses are seen. 
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called "Jipr 1 sonta I “ and "bipolar” cslla. There are probably two 
kind 5 nf horizontal bell, and there ere four kinds of bipolar 
cell. The horizontal cells are d i St ingu I Sheet by th* size of their 
dendritic processes* which contact only cones* The "large" 
horizontal colls contact at cut 12 cones, and the * email" ones* 
Shout 7* The horizontal cell a*Ons Contact the rod spherules 
[Boycott and Dowling 1.SS3, Kalb 1370} 1 the number of such 
contacts mads by a single horizontal celt axon is too large to 
assess. The horizontal csM anon is extremely thin along most of 
its length* and is difficult to stain in the primate. In both 
the rod spherules and the cone pedicles, the horizontal cell 
processes form the targe lateral elements of the invaginations* 
and there are a I Mays two of than for each invagination* In the 
rod spherules, these two always come from different horizontal 

1. • - - . . " . ' f 

cells, and In the cons pedicles* this is a I meet always true. The 
game horizontal cell may however provide one of the lateral 
elements to many of the invagi nations on the base of a single 
cone. The number of different horizontal cell® that contact a 
Single cone is about E: the numbsr of contacts with nsarby 
horizontal cells is greater than the number ui th thosE lying 
further away. The number of horizontal csEis that contact a 
single rod is always two* 

The other contacts with the receptors are made by the 
bipolar cells* A firm distinction can be made between rod and 
cone bipolar cells* Rod bipolar celts never contact cones* and 
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vice verga* There are usually two rad bipolar processes 
contacting a given rod apnerijle. and the** processes always end 
as the central alonants of the invagination* (sec figure lb). The 
number of roda that have been seen to contact a given rad bipolar 
lies between 14 and 43 b f ne only other contact a made by the rods 
are with other reds, and with canes: these are discussed be Low. 

Tha bipolar cells that cantact cones can he divided into 
three classes: midget bipolar*., fl.it midget bipolar* (recently 
discovered by Kolb I and flat bi polar*. There is one midget. ■ and 
one flat midget bipolar to every cone, and each Kind of midget 
bipolar cell contacts its cone at each of ita 23 or ac 
invaginations (Kolb 197BI* Each SO-CSiled flat con* bipolar cell 
contacts about £ conea. 

The Central invagirating process In the cono pedicle is 
always formed by the nidget bipolar cell. The lateral processes 
are horizontal cell Dendrites, and adjacent to th* midget bipolar 
process are the tuo processes from th* flat midget bipolar cell 
tee# figure leb there are therefore twice as many contacts to a. 
Cone from Ita fiat midget bipolar ce13 as there are from its 
midget bipolar. On either side of the**, and occasionally also 
DUteide the umbrella of horizontal celi processes, appear the 
terminals fit flat cone nipolar cells. 

The Invaginating structure in the rad spherules Ts similar 


(see figure 11. 
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The ultras true lure of the synapses that ua have been 
discussing is intriguing, and has attracted much attention {see 
Grey & Pease 1 S?L}h ]h figure 2, there appesm a diagram of this 
Synapse Obtained from electron microscope Studies that «ere made 
using a at sin that is specific for various parts of the synaptic 
apparatue. Perhaps the m&ot con epic ecus feature qf the synapse is 
the synaptic ribbon {er in figure 2!t n which is a half soon 
Structure- about 1 mu by 0r5nu, and about Q.A2mu thick {Gray £ 

Pease 19711 T containing a protein Car polypeptide] that 1* rich 
i n aromatic aminp acids tBunt L971I+ A similar a true lure 1e 
present at other retinal synapses Where It is also known that 
tnere are no action potentials. It is thought that this ribbon is 
the analogue Of the dense projections in corner13 ora I synapses, 
which nay be concerned with guiding synaptic vesicles to their 
appropriate position on the Eynaptlc membrane. Post-synapt i c 
thickenings are visible on the parts of the horizontal cel l 
processes closest to the synaptic ribbon, and there is no reason 
to suppQM that this synapse Is fundamentally different from any 
other chemical synapse, except for the peculiar fact that the 
preiynaptic trigger appears to be a hyperpoIarisation. rather 
than a depoIarI sation. [This and other evidence has provoked 
Toyoda, Nosakl & Tomita 19ES to suggest that the vertebrate 
photoreceptor is actively depolarised by darkness, and passively 
repOSarised in light!, “he distance between the eynaptic gutter 
{sg in figure 2), and the top of the midget bipolar process ■$ 














Legend to Figure 2 


Figure 2a shous a diagram of a BeCtiOrt Of 3 synapse from the 
mammaJian cerebral partes:, and 2b, of 3 retina! receptor synapse. 
The ribbon has been cut transvarsely. The abrev i ati oris used are 
as fdllawsi attn. arc1 form density; b or bl, bipolar csti process; 
cv t comp 3 e* (coeted? vesicle; dp n dense projection; fcv h forming 
conple* vesicle; h, horizontal cell process; icv, vesicle ui th 
shfliI portioh still atachcd (Incomplete comp-aw vesicle}; ov T 
cuter non or ribbon vesicles; p, pouch or pouch surface membrane; 
pst, postsynapt ic thickening; sc T synaptic deft; sf T shell 
fragments; sg, synapt1c gut ter; si, specific localities; sis + 
surface membrane; sr. synaptic ribbon; ves or gv. synaptic 
vesicle; ud, dense undercoating wall of pr**ynaptlc beg+ (From 
Gray a Pease 1371 1 figure 1> + 
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Shout 0.3*nj, and the diffusion tine fee transmitter across such a 
distance is arts! I compared uith the t i ms for the response of a 
con* to ilphtn, 

■ Soma receptor-receptor contacts are visible in most 
preparations, but their number is very sensitive to the 
particular staining or embedding technique9 used (Pauling fi 
Boycott 1BS&., Pli sect ten 19G5 pj53K Such contacts may not be 
funetIona3 in pribates. 

1.2 Ih£ inner r ating I laue^s 

7ne bipolar celLS join the outer pie*ifOra layer to the 
inner, ■ The two types of retinal, celi that res ids here are the 
anserine cells, and the retinal gangJion ceils, which synapse 
with each other, and with the bipolar tolls. The fine details of 
the Structure of the inner pleviform layer are not as well Known- 
as a-& those Of the outer, but a certain amount of information is 
ava i. I ab I a. 

Boycott and Dowling C15n3) have reviewed the previous 
literature, and nave described the following types of anacrins 
cell in the primate retina. The word "diffuse", In this content,, 
refer* to processes that are distributee* perpendicular te the 
sc tara, and the ward "stratified" is used Ip mean layered 
parallel; to the eclera. All the ceils that have been seen In the 
private retina have roughly circular symmetry, The diameters in 
what follow* refer to the diameter of the spread of the am a crime 
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ch I [ processes. Or of the ganglion cell dendrites. 

1,2.1 Lia aitacritiH cs_l Is 

MU Narrow field diffuse amacrifie cells, having a diameter of 
lfl-50»\t +T average ad out Z5 mj, , found all ever thg retina. 

(A2) Wide-'field diffuse amacrine cells, having, processes that 
spread out gradually as they descend to the level near the 
ganglion cell bodies, and spread cut there to attain a diameter 
of up to GBflttUi These tills ara particularly likely to eynapee 
inilth rod hippier terminal a , and are unlikely to Contact the 
gang | I Oh co l I botfitt. 

M3) Stratified diffuse amacrine Celia, having a diameter of 20^ 
S0mu„ T are restricted to the top, middle, or to the lower third 
of the Inner pIcMlfens layer, but arc diffusely distributed 
within one of them. A given stratified diffuse amacrire cell 
probably makes frequent, but not exclusive contact with a 
particular gangfian ceil that has its ciencritss similarly 
d i e tr ibuteri. 

IA4) Uni a trot 1fiCd g^aerine cell*, Whose diameter lies between 
130 and lBBBmu. N extend their pruceases In the plane immediately 
corneal tD the inner plertifgrm layer, 

lAbl Si strati tied amaqrlne palls* with a diameter of about 
iBBmu,, send horizontaliy distributed processes to tha planes 
corneal and bp I era l to the inner ple^iform layer. 
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1.2-2 The gari fl r j pq ceI I s 

C G-l > The midget ganglion cel la are of two Kinds, one with 
tarninale in the outer third Of the inner pleMifprm layer, and 
the other wi tfi terminals in the inner third. Tht middle third 
seans to be free of midget ganglion cell terminals. This fits 
well with the Known distributism Of the midget bipolar terminal a 
(see above). There is probably a one^-to-one Correspondence 
betueen midget bipolar and midget ganglion delis. 

(G21 Diffuse ganglion ceils, dendritic diameters ranging from 3 ft- 
?5 bu, th# enailer diameters do curing nearer the fovea* 

<G3T Strati fieri diffuse ganglion cells, HKe the stratified 
diffuee anecrine cells, are diffuse within the outer* middFe, or 
innsr third of the plexifcrm layer* There may be Here .in the 
outer third than in either of the Other*. Diameters range from 
49mu near the fovea* to BEtu in the periphery.. 

t&i*} Uni strati f 3 ed ganglion cello, occurring at all levels* have 
a diameter of about 2£Smu* 

1*2.3 Thft Sunabses 5Li ±he j nner pi triform layer 

The most common synaptic ppnplex found in this region of the 
retina is the so-calisd dyad synapse, (see figure 1), At a dyad 
aynapst. a bipolar cell contacts noth a ganglion and an amacrine 
cell* end dose by there ia (probably) a further synapse from the 
amacrine cell back onto the a i poser terminal (Dowling antf Boycott 
U9B6H + 3n addition to the dyad synaptic complex, amacrine to 



Lightness and the retina 1& 


am&crlne, and emacrine to ganglion dendrite synapses are seen. 

The proportions in which the varices types of synapse occur, 
in the htrnan rpitna are roughly as follows 

the •□□nplEK of dyad + anserine to oipolar; 3 
amacrine to amacrine t 1 
ameerine to ganglion t 1 
bipolar to ameerina soma s 1/12 
t f r qi lJ'DP I i ng end Boycott 1366 table 1 J . 


2 Ftet fos J Eh uiMm 

It would bo absurd to try to summarise the whoia of the 
physiology of the retina when such an excellent monograph as 
Srjndley T s [1970} already exists; but it Is apuaiiy Impossible to 
omit any summary altogether, sines the emphasis of the knowledge 
that i$ required differs sotiewhal from that Of Sr Ind ley's 
account. Furthermore, a number of important results have been 
published since 19E9, and It la convenient to collect them 
tOgftthar for case of raferencB. 

The photocnom i stry of th-E retina Is fairly tie I I under Blood, 
Use Brindley 1973 chapter 1), but the means by which the 
ohemical averts provoke a signal in fine retinal nEurons, and 
indeed the nature of the important part of that signal, remain 
somewhat obscure. The most likely candidate, supported by- recent 
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observations of Pann & Ha-gins 13E3 (rod*}, of Tomita. Keneka t 
Jlurakami £ Pautier 13E7 {-cones) , and reviewed by Brindley (1970 
pp50-54), is that photocha.n icat evente affect the membrane of tha 
outer segment of the receptors thie causes a change In 
permeab r \ i ty tc potass iult and/or to sodium this causes a 
hyperpolarisation of the outer segment, which affect# the inner 
segment by passive conduct iOf% and the resetting signal causes 
synaptic transmission to the underlying retinal neurones*, The 
d i f f I Cu f t i as with thie theory are firstly, that the a i ie gf the 
hypenpo tori sat ion at the inner segment of a rod in rsspone-a to 
one quantum would be about 130 ahonovoits: thie is a ting signal. 
And Secondly, It is even then unclear nou a single quantum can 
produce the required changes in the membrane of th-e outer 
segment + 

It is fortunate that tha retinal ceils of the mud-puppy 
Necturns macuI oeus are unusualiy large + for this has enabied 
Werblin and Don I i ng [1363? to obtain ifltracel IuOr records of 
»any types of retinal cell {#se also Brindley 1S7ES Chapters 2 and 
3>. These authors confirm and establish a number of important 
facte + and these are sunmarised newt. 

£-1 Im receptors 

The receptor response is a hyperpnlar i eat ion, as was a E ready 
knonn T that conglets of an initial transient which decays to a 
steady level! aee IKaneHQ fl iiathimotd 19S7, Tomita 19GS, Naka 
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13dE1h T oyOd ? o t Ci! - L3G3, ksrbbn and Don I i ng 13G3] , When 
■||gainatlon is removed 1 there is a srall 'off* irans-ient H and 
the potential return* very sCoulg to the base line. The latency 
of the response is leng - about S-ff msecs - and it* magnitude ie 
about 5 mV t 3 typical resting potential being 30 mV. There are 
tut important points to note about tns receptor response: 
firetly* It seems to obey the relation 
V/Vma* - US I + K1 

(see feak.a £ Rushtan (LSGG , 13G7K Naka- (19E9I , and papers cited 
in section 3K K Is about 300 quanta/rod/sec for human a K This b 
consistent with !4erbl in £ DoMling's report that the response is 
atnost I i near over about 2 log unite after uni Oh it begins to 
saturate* because the stimuli have to be relatively strong in 
order to produce an effect on the receptor that cart be detected 
with an intrace l lular pticro-e lee trade * Secondly* and very 
importantly* it is independent Df the illumination of 
ns i ghbour trig receptors (see a". so Tpnlta tl3E3) In f i sh) , 

2.2 Ihe horizontal cjJ.Is 

The horizontal call response, 1 iiHe that Of the receptors* ip 
a sustained hyperpolarisation that is graded uith Intensity over 
about 3 log units. It has a latency of about IBBrneeco In the 
■uOpuppy. From the fact that the response of the horizontal cell 
is greater then that of tne receptors* and saturates at higher 
intensity uhen annular rather than spot stimulation is used* 
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rlcbl in and OouJ»concluded that the response is probes I y 
ferned through tog weighted summation of *iany sites, each of 
which can be saturated* 

2.3 Its hJjjJar 501 I response 

The bipolar cell receptive field is organised into tup 
concentric* antagonistic zones. lisrblin and Dowling report that 
about halt Of tha units hyperpo I ar i: ge to central illumination, 
and about half depolarise: but that illumination of ths periphery 
3e capable oniy of removing part or a I i of the signal doe to the 
centre, not of producing a signal in the opposite direction. 
According to Lierbi in and Douiing, the magnitud* of the bipoEar 
re sponge tan be held constant tor p fixed ratio Of CflMffc-tO- 
surround illumination over a wide range of gPsoEute intensities* 
Since the latency of the aurroond affect is about 13EJ maces 
greater tnan that of the centre, heaaver* the bipolar response 
con&ieta of an initial traninant to any change in illumination 
•van If there is np change in contrast. 

2.4 The ai*36rjfll cal I 

Hitherto* ail responses h-five Consisted of graded slow 
potentiafei the aitacrine and tne ganglion coils are however 
eatable of sustaining action potentials. The th-esEio Id for an 
anserine cell spiKe Is at least as law as that gf me earlier 
Cello, hut only if the Intensity change is sudden. By varying it 
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elouly,, one can increase tha intensity many tiwee without 
provoking a regeneral ive resoorse. ] t is par t i pul ar II y interesting 
that Werblin and Dguiing uere able to find two Hinge of smacrine 
ce l I response: acme unit a had very broad. uniformly sensitive 
receptive fields, and responded 3t "on" and at "oft" to 
iEiumination of any part of the field* Others had narrow centres 
I1BB-200J1U} end larger surrounde: these responded at "on" to 
centra E illumination and at "off" to peripheral illumination. To 
diffuse i i lumlnat ion-, they appsrently; responded at both "on* and 
"off*. 

2*5 The ganol ion cells- 

The traditional picture Of the response of 3 oafs retinal 
ganglion cell it tnat presented by Huffier {1353): Isee Brindley 
(1370 pofi1-631 for a review pf earlier uorkK According to this 
picture, the receptive field of a ganglion ceil is circular, and 
is divined into tup concentric, antagonistic regions, The size of 
the centre ranges betwasn about 0+1 and 2dege of visual angle, 
and that Of the Surround is somewhat larger. The size of the 
dendritic trees of the retinal ganglion cells agrees clpsely uMh 
that pf the centres of the receptive fields (Broun £ Ha jar IBGS, 
Boycott & Dowling 13691. Barlow. Fitzhugh £ Huffier {1957) found 
that Whan dark-adaptation is nearly complete* the surround affect 
disappears guile suddenly* end all Jignts that have any effect 
Upon s cell have the same effect. This change is not linked to 
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tfie Change from porva to rod vision that givss rise to & number of 
other phenomena. 

The true picture i e probably rather more elaborate than 
this. In the I ight-adapted cafe retina, three substant i a L Iy 
different kind a of ganglion cell response can be recorded. Their 
ditcovererg, exercising perhaps pndu*t academic restraint upon the 
nominative process. Christened the^ X, V lEnroth-CugeI I d Robson 
t’SG&t and U cells (RodSeek 1967, Stone A Hoffmann 1972]+ These 
categories are distinguished in a variety Of interesting Nays. A, 
rough grouping is ny conduction velocity of their Sunns in the 
optic nerve* V cel t axom art the fastest, 05*/sec in the 
periphery 22m/sec centrally?* the X cells are next [iSm/sac in 
the periphery, IBm/aec centrally.]; and the U tsJJs are tbs 
si Dus a t (usually <i@fi/3BC? (Stone £ Freeman 1971). 

2 , 5.1 Proper ties si ti cel Is 

U-calie, noticed first by Rodleek (1967) and seer again by 
Fukada (1971, his tuo ’unclassified" cells), uere studied more 
thoroughly by Stone S Hoffmann S1972], Thera are tuo kinds of UU 
ceflt the less common one, first described by Hod reck, shows 
Spontaneous activity that is suppressed by almost any change in 
contrast. It sppears that such cells can be stimulated by S fast 
Object leaving tbs visual field at about 280 deg/sec, but no 
Ofnsr Stimulus has bssn found that raises their firing rata. The 
m&re cOftH&h kind Of 14-cell it esc i ted by any change of contrast. 
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A typical receptive field is 2.3 deg in Planeter, and the cell 
ressporics to a R r 2 deg spot flawing anyuhere in the receptive 
field. W cells cDuUtut? a large fraction of the retinal 
output h and their S^ona probably project to the superior 
cpI lieu I us. (Some unpublished work by J.Stone end collaborators 
show* that at least sons U ceils ara specific for stimuli moving 
in a certain direction in the eat+ Thu* the distinction between 
the cat and the rabbit retina may be one of degree, rather than 
kind,i 

2.S.2 K- ce Ms en£ if- csl.l s 

Ine original cals Unction between, x and ¥ cell* hbs reported 
by Enr oth-Cuge I I S Re b son E19GEI, it has been confirmed by a 
number of worker*, who have Added to the list Df discriminating 
properties iFukada 1971 t whose type ] and type IE ceI Ie are 
respectively ¥ and X e*l2s, Fukada 5 Salto 1S71, Clcland T Ou&in £ 
Levick 1971}+ X gnd V Cell* may be cfietinyuiehed in the -following 
seven ways, 

(X'fl) Bej^onse It standi rm contrast 

If a stationary sinusoidal grating pattern i* introduced and 
ui thdraun at various phase angle*, the response* of X and of V 
’ calle are quite different, IS** figur* 1 of Enroth-CugeI I £ 

Robson I9EE3. The X-csIls give s short transient response when 
the grating is introduced, and the transient decays over about 
200*secs to the sustained level, which i* maintained. The 
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response of the X-cel I IS easily understood ft It is regarded 34 
the sun of a central and a larger antagonisE«e surround rogiiom T 
both uith appro*i mately gaussian now gilt I ng f one ( i or.j l The 
sens r tivi ty of an X-Cell, but not its response ragmtuds, behaves 
Mke a linear function of the appropriately ue-igbted energies 
incident on these regions. Consequently, its behaviour at 3 
phase angle Of 3 deg is the reverse of fte behaviour at 183 deg, 
and the responees at 93 end at 27 E deg ere both nul f. 

The response et the V-celf. on the other hand, consists 
entirely of a non-linear transient. The mean discharge frequency 
for Y-calle is greatly increased uhen grating patterns drift 
across their receptive fleldet this is not the ease for X-celis. 
fXYZJ ScSbonse i£ fins , movin g gratings 

\ n agreement with their essentially linear behaviour, as a 
■grating pattern moves Screes the receptive field, the X-eell 
response is *od-ulated about 3 mean, uhich gradually lends to 2 *ro 
as the spetial fretiuency of tbs grating is increased* For j ¥- 
cell, an the other fiend, the moving grating provosts an 
unmodulated increase In discharge level that persists while the 
movement continues* 

CXV31 After elf.ec.t3 it stinulanipn 

After e t i mu I a t i on by a tiov i fig grating, as de scr i u e d in 
fXYZJ - * the Y-coll response returns to ite resting level* That of 
the X-celli on the other hand, is depressed for be much as 30 


secs 
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(XY4) S.j zs recent ive field 

The optimal size of an Jt-Ciil stimulus is usually B.5 to 1.0 
d-egs in diameter, That of a Y-csil 3s 1 deg nr Bare; hd Y-celf 

has been seen Ml th 3n opt Inal size of ii. b deg or less. 

tXYS) Sbeed szL moving at iinijyg 

If 3 contrasty target ie moved very fast (20Bdeg/eecT across 
the receptive field, tf-cells falI to respond, but Y^calLs do 
respond, 

WY6) Jim tfftcX Hi fucker 

The average impulse frequency of K-cbIIb ie insensitive to 
f i i CKfer Over a large range of frequencies. That af a given Y“-csll 
ie uni made i t centred on some mg*] must frequency value. The 
critical fusion frequency for a Y-ceii It positively correlated 
with conduction velocity,, and with the ma^inum impulse frequency 

for that cel It neither of these ie true for an X-cel!_ 

(XV7i Lie peri&heru effect 

ndluain's (1364, 15EG) pe riphery e f f ec 1 1 wher eby retinal 
ganglion cells may be excited by moving stimuli that are f3r 
outside their receptive fields as conventionally defined, mas 
present for all Y-csMs, but weak or assent for K-celJe CCleland 
et S1,1971?, The fern that this response takes is that any 
continuous movement uf a large object far (say 15 deg? frj>m the 
celf’s receptive field, raises the call’s maintained discharge 


rat# 
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.2*5+3 4 Hale be liua JLate ai il anJ £i V cel i awnra 

The dlst 1 net 1 Drts between K and f cells ara apparently 
preserved by the lateral geniculate nucleus (Stcre £ Hof ■rrann 
(1971)+ Cl el and et el+ (1971. JJ , {In particular, the conduction 
velocities of optic nerve e*cri that converge on a given 
geniculate cell are astonishingly close 13,1 m/eec) - a degree of 
precision that mugt have implications for now this particular 
deveiopmental problem is solved,) Perhaps more surprising is the 
nay theea cells terminate In visual curtex. According to 
Hoffmann & Stone {1371), at least of, and pernaps all, 
co«ple* field cells In these parts of the cat's visual carte* 
from which they recorded {area 17 and the 17-13 boundary},, are 
monosynapticaI Iy driven by fast afferents from the geniculate* 
These are geniculate cells that are driven by retinal ganglion 
Cells bf Class V. They also found that cells ui th simp-Se, or with 
hype-Compl sk, receptive fie ice are not discharged bg fast 
afferents, and a proportion are discharged monosynapt5C3I ly by 
slow afferents. Hoffman & Stone's finding contradicts that of 
Denney, Baungartner £ Aacrjani (13531, but it is probably 
correct, because of collateral evidence from later studies. In 
particular, in an investigation of areas 17 and 13 using 
antidromic stimulation. Stone & Dreher il373> found that many 
geni CUlata V cells project to both 17 and 13, whereas geniculate 
K Celle project only to area 17, It seema that there are two* 
parallel pathways tc Complex telle: Stone 11972) has disCueead 
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th® relationship of his and Hoffmann 4 a finding to the uorK gf 
other investigators. 

2.G In£ iiidgRgndeciFg cl its Hi Ihe three cane ehanne I a 

there Is same evidence that the rod and the three cane 
channels are processed independently Leea art idee by AI pern 
1965, Liouraa & LinK 1SS6, Gouras 1966, 1967, A i pern flu eh ton & 
Tnrii 1973 a and d, Uestheimer 197B, Ueafcneimer £ Wiley 1979, and 
fleets S Weath*i»ar 19701, Recent paper® fLennie G JlacLeod. 1973, 
Bariou S Sakitt 1973, see also Brindley 1373 pp75-86) cast doubt 
□n a number of these findings, heuevers and aithough there is 
little information available addut chromatic interaction In the 
primate retina (Hubei Wiese I I960}, it is protsbi® that seme 
Interaction is visible in primate retinal Ganglion cel is, and 
certain that augh interaction takes place in the lateral 
geniculate (Os Valois 1965, HubcJ & Hiesel 1SBEK 

2.7 Pain aM latency studies in gang nor cel Is 

In tub papers. Cl el and £ Enrotti-Cuce (I (1968, 1370] have 
started an accurate study of the character ■ at i ca of the gang]ion 
061 I response. They found that the uaighting function for the 
central excitatory araa of a ganglion cell had tha form of a 
plateau (the "uni fern centra"! with exponentially decreasing 
een$ i t ■ v 31 y over a surrounding annulus. They a I &o shoued that the 
threshold for sinusoidal Stimuli at various diameters depends 
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only on the chers;t*ri it ice Of the centre, and that adaptat i on 
effects for such stimuli depend cr summation effects acting aver 
the same areas as the centre- 

The finding of the ^flighting Curve for the nay incident flux 
su-mates over ths Centra' region enabled Clei and £ Enroth-Ccge N 
(jj.370) to define tide concept flf "effective fitly", The effective 
f I uk of an incident Tight is that fib* uhjch would have the same 
effect >f It all fat l in the uniform centre - that part of the 
centra! area where *unmati«i it linear* They found that, whan a 
cell responded with a pure central response to an incremental 
flux, applied against a steady background, the gain and the 
latency were a function of fcne total effective fluw of the 
increment and the background, in other words, the field 
adaptation level is sst very quickly for such stimuli - it is set 
within the response tine. 

It is interesting in this connect ion to recall N.jas & 
RyShten'c 11965) experiments on the effect of adaptation, upon a- 
potentials. Apart from their main finding, that the effects on 3- 
potantia I b of after-images and Of real backgrounds differ, they 
found that the effect of adaptation is to attenuate the receptor 
signals In SO-tfS fi*#d manner before they ever reach the s-unita 
horizontal P-r bipolar Ce ls, gee Brindley (1973 p.7Sl* Thus an 
Important part of the retinal gain-sett ins H-echaei I s&s lie in the 
outer layers* 

Enreth-Cugel1 and Pinto 11972a+h) continued the study of 
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ganglion Gfllle fty studying pure surround responses, Pure surround 
responses could be recorded from only ha!* Of the tested cells, 
for reasons- of varying certainty; but oh & or 7 OCCaS'Gns, pure 
centre, and pure surround, and the combined responses were 
obtained: for the same cell ta long and exacting, experimental 
process!-, They found that on these occasions, the centra and the 
Eurround responses Interacted in a way that was probably 
algebraic, (Enr&th-CugeiI £ Pinto 1972al, 


3 Dark Adaptation 

The Iiteratore Oh dark adaptation is extensive, and ha* 
become particularly controversial in the last feu years. This 
summary can start by referring the reader to a naner by Bar 1ou 
(1554) , in which an excellent review of previous work is given, 
and one of the tup rival modern hypotheses is proposed. 

Very briefly, the history of the subject up tD that time ifi 
as follows. The oldest -quantitative relation, known el nee He Per 
'(1334)', le the so-called LJeber^Fechner Iau (eea figure 3K Thia 
ralatee the mcrEaent thr e she id to the intensity Of the 
background illumination in the to I lowing way; 
t/tb * (E -f Io)/Eo {13 

where to is the absolute threshold, t the increment threshold, 
I .is the intensity of the background illumination, and So is a 
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constant, associatari with the background noise Stive I j In the 
retina* The conditions under which the Weber-Fecbner Jaw is true 
are somewhat complex [0srlou 13&7J, but rough Iy tpeaklng, It it 
true for stlmurt qf large area (5 degrees] or Of long duration {1 
eeq] presented an a backgraund that is at least 1033 tints 
absolute thraa-ngid. Fpr stimuli that art both short and small* 

□n backgrounds that era Jess- than about It, 22 3 times threshold, 
the measurements are we I J fitted by the relation 
t/to - U 1 + lol/lttlitirl/2 12) 

which Bari Pm interpreted as the -optimal criterion for extracting 
a signal frpm a noisy rand&H variable with moan <1+1 o) /lo* The 
relation (2? for small signals is pleasing, because It can be 
understood: relation [1J is h-Owevar altogether surpriilng:, 
because almost a-1 I Oth*-r sensory nodal 1 ties have threshold 
relations which Involve the leg of the background signal* Ar? we 
shall see,, this reflects the fact that over an enormous range, 
the Output froh ttis visual receptors Is approx in-ate tg linear with 
the S no i dent energy. 

The second quantl tot> v# rslati&n that was khow* since the 
work cf Crawford E1937, 1947.) was that varying cfegra-es of 
bleaching of receptors, 9hd varying level g of background 
Illumination, have very similar effects on the measurement of 
increment threshold for a flash [see figure 3), 

The theory of the effect on increment threshold of an 
immediately preceding bright light had already passed through a 



Legend to figure 3 

Increaent threshold plotted against time since a bleaching 
stimulus, end against the Intensity of the background 
i J I uni nat tori* The straight portion of the tatter curve is the 
Heber-Fechner relation* (From Crawford 1947 T figure ?,] 
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number of stages by this tins. The earliest tftrloua attempt to 

think about It ua-s prqiafely the simple photochemical theory* 

whereby the raised increment threshold ua$ altributnd to ths 

% 

reduceCf sensitivity of receptors after hleac-hing by light- 
According to thi i ft theory, if t is the threshold uh*n a 
proportion B of the rhodopsin i* bleached, and Co is th-e 

absolute threshold, then t/to - 1/-d—S). This theory was 

«■ 

already sufficiently discredited in 1E 35 tor alternative 
explanations to be sought, and uas finally meat directly 
disproved by Rush ton 11351), using a technique wherrtby the 
fraction of rhodopsin that was bleached was measured by direct 
observation of the living retina. 

In 2949, Lythgoe observed that in order to cause a very I arcs 
change In threshold, only a snail a noun t of pigment needs tg be 
bleached; lr fact, when G'l/2, the Increment threshold for cones 
In humans [tea bstween S0 and 590 TitieE the absolute threshold* 
depending on the sild of the fast flash. From about this ti^e. 
therefore, adaptat ion was held to be organised by a neural 
mechanism of a suitable, but unspecified nature; and this view 
had the temporary effect bf reSeaslog investigators from any 
Obligation to define this mechanism with any precision. 

LythgoE's observation about the disproportionate effect of a 
small amount of b l each i ng -natura I I y raises tug quest ions: 
firstly, doea the threshold of an individual receater (red sayl 
Change very much for moderate (say 2EX1 degrees of bleaching? And 
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secondly, are the outputs of receptors pooled in ap»e way, 
threshold decision* feting than taken in the light of information 
about the activity lrt ths pool as a whole. The neatest t though 
not the ear| i sat} answers to these questions were provided bg 
flush ton £ Uesthei'isr (13623, and tag flush ton (l°sEal. It H as shown 
firstly that ths threihold for perception apparently changes 
drastically even whan the flash falls on rods that received few 
or no quanta during the teaching exposure, Hence the threshold 
setting process must be the result of a suneatian aver some kind 
of pool, whose resuit operate* in a uni fori* way on signals from 
the receptors that contribute t-g that pool. Second l y, using a 
grating as a bleaching and as a test stimulus* and by varying the 
phase relation between the tup situations, it was shewn that 
there ia no apparent difference b*tu**n the responses of rods 
that have and ft&ve not been previously bleached. The accuracy of 
the grating e*j»rlBent of Rusbton & Westhelmer E19E23 has however 
been questioned recently (BarEow £ Andrews 13731, who found that 
although there enisls soma elevation of threshold by pooled 
signals, it is nouhsre near as I args as previously reported. 

In a welcome reaction to ths imprecision Of the neural 
"theories’ of the 1343's, Laic (195S,.1957I propnssd a new and 
quantitative theory of adaptation. It was esssntially a 
*CDmpar tmentaI' version of the 0 Ider photochemical theory* 
According to this loss, there are a rounder of compartments In 
each of which there is a Chance B that a given molecule of 



Lightness and the retina 34 


rhodOpsin will be bleached by exposure to the ] i ght-adapt ing 
lights B ie then ths fraction of rhcdopain bleached. If k ia 
the number Of molsdulea in each compartment, then the probability 
p that no molecule is bleached la It Is assumed that 

if a molecule re bleached, the whole compartment becomes 
refractory: hence p»t/t-0. 

i,e. t/t& « p - U-Blsvfl4t - for snail 0, 

Thee theory lie precise, attractive, and! generated many 
fruitful experiments - evidence of innerent virtue firm enough to 
withstand even the fact that these experiments also effectively 
disproved It, Barlow [L9S4I lists the reasons why the theory 
cannot now be held, and points cut that its valuable legacy was 
to cause the relation 

log (t/t3) - *B l'3) 

to be established empirically ever a large range of 0 f i rt 
particular fer 0 near 1, which wet not predicted by the 
compartment a l theory) SDoolIng 1060 in the rat, Rushten 1961 In 

man), 

Bar low then presBOted bis nun characterssticaI I u elegant 
appraisal of the situation. The problem Is to explain the 
formulas Eli and E3J, In effect, his hypothesis is that the 
recap tors are noisy devices, and that when they are bleached, 
they become yet noisier. A receptor that is pleached edits a 
si goal that ie -indistinguishable from that which it emits; when 
receiving light of an intensity [p, where 1 o-exp l <.B I , for some 
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constant k* Thia eKplains equation (3) Shoves and it make the 

further hype thesis that irt ths case uhers there Is real Mght of 

Inteneity I, falling on a receptor that La b I cached an amount 
B„ this tuo signals shoultf add, then the increment threshold t/to 
should be given by the formula 

t/to - EE + Ibl/io t where [a * [q-explkB], 

This is found to be correct, Perhaps the me-st convincing evidence 
for this theory is heuever contained In the results of fiarlou and 

SparrflCk E1BB49. In these ss<periments, subjects bad to match the 

brightness df an after-image against the brightness pf a real, 
stabilised background illumination. St was found that ths results 
tro** this experiment matched those fron Increment threshold 
curves obtained from real antf attar-imags backgrounds, ThftB# 
reaulte, and those af a number of other investigators, including 
the remarkable findings of Craufortf (1937, 13479 on the 
equivalence: fcr increment threshold of bleaching and background 
Illumination, are therefore explained very hiatly by B3rloH T and 
all are agreed that the nen theory captures Winy facets of the 
experimental results- 

But not all of them. Before discussing the exceptions, it ie 
convenient to note throe factE about Barlou's theory. Firstly, 
the high riee' in threshold that is provoked by relatively small 
amounts of bleaching ie attributed to an inherent property of the 
receptors - their unfor Senate increase in noisiness. Secondly, 

Eb, the equivalent background light produced by this noisiness. 
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is iBggjned t a he total ty i rul I at Ingu i ehab I c from the signal 
produced by a real hack-ground light (stabilized on the retinal of 
Intensity lb. There should therefore he no observable 
differences oet+ieen these tua oases, and in many respects this is 
tru«* Thirdly* Barlow himself eomnents on the odd fact ttiat the 
intensity Ih Of the pseudo^e i gnal varies with the exponent of 
the fraction 0 of bleached pigment. Bar I on mentions some 
possible necheniera for achieving the expcren t i-a t i on (his p.S7J 
but is clearly not completely happy about the natter. 

Meanwhile, Rusnton had been pursuing his investigation atpng 
somewhat different lines, Fuortos and Hodgkin (ISSGt analysed the 
potent 3 s Is recorded from celie in the ormatldia of I i mu Iui . and 
defined a model that accurately describes the values that they 
found* It turns Out that the earns model describes threshold 
relations in man, and it is therefore important to Sketch It here 
(see Suehtan 19G5 FLI . In thia model, the attenuating jsechanism 
for signals from the receptors is regarded se being a i eaky cable 
of length s an& leakiness a' (see figure 4a), Ti>e signals front 
the receptors [Jet ire consider the rods for npu) peas through 
this cable, and the output serves tup functions* one is to form 
the transmitted signal of the system, and the other Is as a 
feedback that determines the value of the leakiness a'. [f the 
output of the system ie V"* then the equation of the eyetem 
(assusing that the cable is open-ended and exp(-2a' s )<*l ) is 
V' - re*p(-s9 + J (4) 
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Legend to figure 4 

Figure 4a aneua the cable nude I draur upon in the tevt: figure 4b 
Illustrates the stilus tor 41 pern’s centraat-f lash effect. The 
teat flash A do background t± t occur a with surround flash **. on 
a surround background 8 r F*P, 3s the fixation point* causing A 
tc fall B beg? temporal to th-a fovea< 
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1" is the input signs3 (.uhlch var'ms directly Mlth intensity □veh' 
a considerable rangel from thE receptors, Inserting thE feed¬ 
back. Me gat a’ "a0+alVl T where aE End al are const ante. After 
app-ropriate choice of units, this becomes 
I - V*KFtVJ (£> 

Ruehton than evant■ ned the prBdicticms that follow trpm this 
modal in thE various tlrreth&ad experiments. Ha first shpMS that 
the Iwebgr-Fachner 18k can be derived (but only approx ima tc I y} t 
dl/dV « exp(VI +■ VexptVS - exp [V] + ] IS) 

Assume that I attains threshold by causing dV to reach some 
value dVg; then With I - 0, 

te - die ■“ dVc + e*p(e] * dYo 

Now (her# la the disturbing apprpximat i onj evsr ths 
fe levpnt rang®. It turhG out that to within 0,1 leg units, 
fog(exp (VI + n - log(1+1*211 

Hence t/to * 1+1 ,21 ft is the increment threshold!, 
which ia the Usher-F&chher law in slightly changed units* 

So tar then, SO goad. The interest ot the model however 
attaches tg Its treatPBnt of bleaching, Rushton points out that 
the Effect of having bleached a fraction B of rhodopein Is 
equivalent, for threshold purposes, to a background light of 
intensity lb, where (13+5b/13 !+b*p( k.B> for some constant K, 
Remecicer that this was the abserwat I Oft of Crawford*s that forced 
the Central pivot of Barlow’B theory. As Rushton repeated. It is 
»OSt natural tg assume that the Equivalent background light lb 
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enters the system through the same path as before, and with 
intensity IBtflxpIkBi - 13. 2ut in a conversation with fiushtrn, 
Hodgkin apparently pointed out that a more elegant tomulatien 
results if one aaeuinss that tha effects Of bleaching enter the 
ay stem through the feed-back path, rather than through the input* 
The delight of this idea is that it removes ths irritating 
neceaaI ty f dr raising the b- leaching signal exponent : a I I y* 

In this case, the expression I4l becomes 
V - I l *yp-(ss T + ra u I . [7] 

Mher* r Is the signal from the bieaeh&d rhodopsin entering the 
feedback adoed to VI. Repeating the derivation above* one cbtaiha 
j - VewpfV + 01 <&) 

(where about 4EB in humans after suitable choice of units), and 
alfdV * ( + sxpiv + jji i $] 

which reduce in the unbleached condition (B ■ 0) tD equations ESI 
and f&i, 

One Of the meet attractive features of Barlow's formulation, 
in which the bleaching signal enters through the aame path as the 
light signals* is that the equivalent background due to- bleaching 
is expected simply to add to any luminous baokround that is 
present. Rushton notes this, and attacks with vigour the 
question of what hie nflU hypothesis predict** Hi* argument* a 
construction of some elegance, is the foil cuing. Consider two 
status, represented by subscripts 1 and 2, that give the same 
•output [V1-V23, In state 1* there is bleaching Bl, and in tho 
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second, fulT regeneration h3* occurred tB2-0r, Using (0} and 03, 
ue gets 

II - #Kp {£1 3 r 12 
and £tJ/tfl} -exp ifrl 3 * £ t2/t0l 

where ti/tA ■ dl i/d¥B h and d.Y0 » 53. the threshold value 
required for perception ol the output signal, 

3n Other words, if the receptors are bleached an amount BI, 
the Increment threshold curve for- a background of intensity IL 
ie the seme as the increment threshold curve for an unbleached 
receptor, displaced an amount illl along the Fechner curve (see 
figure 31, This Is a perfectly valid Interpretat jon of Crawford's 
results. Finally, to explain the results of Bar low and Sparrock, 
one needs to assume only that perceived brightness corresponds to 
the quantity V+flj the derivation involves the appro * i rat i on ue 
met above, but otherwise it 'oaks acceptable. 

The Rushton theory and the Bsrlpu theory thus differ in 
visible effect only in the placa at which the bleaching signal 
enters the system. Barlow's theory asserts that it enters along 
the same bath as the light signal a fro!* the rode, and Hushton’s 
theory asserts that It enters through tbs feedback. Any 
phenomenon that distinguishes e*p*rimehtaI Iy between the effects 
of the bleached signal ["pseudo light"! and its equivalent 
[stabilized] 1 real light la evidence against Barlow's theory: and 
It turns out that there are a number of such phenomena, though 
they are somewhat controversial. 
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Firstly* Rushtan {l3E£b> used a perforated screen through 
which to deliver a bleaching flash* The increment thresholds 
predicted by the two theories In this case are differentt fm 
Bar I on'a case* they should vary with the 3 03 of the average 
intensity of the bleaching signal ttaken over the whole field of 
view)] and In Rush tan" a case, they should vary with the average 
of the log. Rush ton demonstrates that the latter is in fact 
observed, but Brindley (19*0 PpIBSJ points out that ftushton 
failed to control eye-nnvements* and eye movements tend tD be 
very Important in this kind of experiment. 

In the saue year, Uestheimer {13E5> had observed that the 
threshold to a small (B.ldegsl at i mu I us p* concentric with a 
brighter region [of aije d say) on a i 2 csy diameter background 
b, varied with d: increasing d beyond 0 .7Gdeg lowered the 
increment threshold to the small spot. Teller* Andrews, and 
Barlow E19GG) con timed thla surprising finding* and showed that 
St remained true for a tab! I ized rati naf images* Uastheime-" E.1SG8) 
then revealed that the affect is no longer present If either of 
the larger atimu I I consisted of bleached receptors (after images) 
instead cf the aquivalent rear light. Ueatheimer concluded that 
tho difforoncs postulated by Rushtoo, between the Chare*I b used 
by real and by ptiudo light, needs to be maintained* 

fn L3££* two Other papers were published that support this 
view, Ernst E19GS) found that a real fight background permits 
better resolution of super imposed fllcksr than ths ppu 1 valent 
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degree- of bleaching. And in an e leCtrophy* i o|&gi c&l 
investigation, Naka and Ru?hfcen ghgued that the effects Of 

bleaching and of background no non-co I our- sens] t i ve s-potentiela 
in f i sh are vary different, and that thie uas true in both 
specie? that they investigated. Furthermore. appear? that the 
great change of aenaitivity that accompanies dprK-Pdflflt£t i 0 *i has 
already occurred by the time the e-unit? have been reached, 

(Other evidence (ase Brindley p,7£) suggests that the e-unitw are 
the horizontal cellg; the conclusion of Naka and Ryghton up? 
demonstrated only for long times; the behaviour of Irensie«t4 ^39 
not Investigated - indeed it 1 b very difficult to d& sd, Ouinfl tfr 
the high frequency attenuation produced by the necessarily high 
impedance of the tiny ai! cro-e I obtrudes that have to be used in 
theae studiapl. 

In his summary of this state of affairs, Brindley {1970 
ghl£3) comes out strongiy against Rushton 4 a Idea of tuo channels, 
asserting that some combination of Bar I on 4 a and of the early 
photochemical theory should guff lee to rescue the eltustlon* 
Brindley's re a son is the ver y sound principle of biological 
economy, I qvetif "Rushton "a suggestion explains his own 
oh a er vat long sritf those Of Usstheimar, but on grounds of 
hioJpgicpi economy it is as unattractive a notion as Sario-w's ie 
beautiful. Leng-3 eating insensitivity after fful t9 small decrees 
Of bleaching IS a wholly diaaovantagepye property of the visual 
ayatem. BaHou attribute? it to s regrsttabls but unavoidable 
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ft 3 ture of the organisation pf rcoa and ceres; Rush tan Ip an 
insssentifiJ feature, fair fy couple and altogether harmful, One 
would have expected ouch a feature never to have evolve-d t or to 
have bean eliuinated by natural 1 as Section if it did evolve," 

This ie & strong case: lie key point,, however, lies In the 
uortf Iflminllai * If ue can tstabllsh that two channele, far frpm 
being a wasteful and use[ess feature of retinal organisation, are 
actually a cansequence Of its proper functioning, the wag will be 
clear for us to accept at least spue of Rg&h t Oh ’ * theory. Perhaps 
I mag be permitted to quote pnc& aor*, this time from BarJou 
I19G4) where he makes a Suggestion far a resolution to be passo-d 
by the i nternat FonaI Conference of Ophthalmologists, I t Is that 
"Apparent Iy maladaptive feature* are aignooste to visual 
mechanisms aualting discovery". In thl& case, the vipupE 
mechanisms concerned are those related to computing lightness 
fseo Section 41. The present theory imp ties that there are 
indeed tup channels Em d i sagroetnant with BarlouJ, but that the 
second channel cannot be used to central attenuation tin 
disagreement with Rushton), because It COS* not appear until 
after the attenuation haE occurred. 

At a time Cf life uhen most scientists are content to re Jaw 
o-n the sidelines of their suojecl, Rushtcn has continued to 
pursue hi s choEen field with undiiinished distinction and vigour. 
In 1965, Alpern (19&3> discovered what hs called the "ccMrast- 
flaih" affect: If the centre of a visual field is Illuminated 
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with a brief flash X, and a ccn:»rt r ic anruSjs with a flash t-, 
then the presence pf ■$■ influences the threshold far percept! Oh 
af X in a certain ugy tsoe figure 4b}■ That nay will Concern us 
later, but for now, ws heed to note three points about the 
contrast-fI ash effect; 

{i 1 Rods and Cones act independently in this Effect: there 
is no Interaction between then, 

Eli] The effect is not caused by simple distraction 
(Hi) Heat surprisingly* the disruptive effect of the surround 
flash 4 1 is very insensitive to its s^aet timing 
relative to can occur up to EE naeca ja alq f.e or after V 

in an admirable co I I aoor at ion* A I pern and Rush ten (19GH, 
Aloern, Rushton and Tar! 1 119’tia, lS73a) used tne contrast flash 
phenomenon to establish a number of important results. The first 
task ugs to examine the effects of adaptation on each and on both 
of the rag lone lh ths contrasts lash situation. They found 
essentially that the same relation holds as AI pern found in the 
unadapted state, provided that the values of X and + in the 
unadaptad state uere replaced by sensible analogue measures for 
the adapted state, Hone precisely, if the curve for the 
unedapted state «* 

X/X0 » i [X3 and ■$(£ being absolute thresholds! 

the situation for the adapted state is 
X/ tu.\0> - f , 

u.htre w and v measure tha thresholds for the current 
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edsptationaL states of >. and ■£ rtSfaSCf Wtlij* Hon, by the 
Fechner relation, 

uM y 

and v* [ $ + <tBi /1*0 

Irt other HOrdi, the results of thia experiment have the following 
interprets! 1 on* Uhat uas happening in the uradaptod state mbs 
that signals from X and from 'T uere Interacting at some 
stage* before they left the retina on fheir way to the brain. 

The exact farm af this interaction does not greatly matter t but 
]t is described by the function f. After adaptation, the 
interaction, bet mo on the tup may be regarded a a having tbs same 
form f, provided one assutios that the signals X and 
■fc 1 are first attenuated by an anount tnat: Depends upon the local 
adaptation state, according to the formula thB/ftb + th@l+ 

The next pair of papers (Alpern, flushton and TormiI 10703 
and bJ asked uhat uas the form of the signal that was attenuated* 
In the first of these, the experiment was conducted in the 
unadapted condition and consisted of varying independently the 
area and the I urn i nance of the surround region To their 
carefully simulated Setomahment, they found that whatever the 
form pf the signal frpn & that interacted with X to create the 
COntrast'-f I ash phenomenon, the size of that Signal varied with 
the total see topic energy Incident on the surround. This was true 
over a large rangE." The exact formula for the nerve signal ff ip 


in fact 
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N - */[*+ s ) aa) 

where o la the size (if Incident furninence that gives half the 
satdratlon value of M + In fsct>has the value of &00 
quanta^rod/sec: hence ever a considerable range Ce.g. 17100 to 
IQS quanta/rod/sec) the signal N is elfeclively linear in t h . It 
ig pointed act by these authors that thl s relatIqnship also 
deecrlbas the results cf ebny intrb-ceI IuIar Tisssjrensnts nade In 
rotIhOl C-eli? (Wako and ftughton 13&£ T Naka and AusMton 19G7 t 
Tomita 19£5, Naka 13S3 (a v*ry accurate ttudu> T UjruJin and 
Qouling 7 e L9E3 curves). 

Combining the results of these and the previous experiments, 
■oho derives the final relation for the size of the nerve signal 
for stimuli of large area and of long duration in the adapted 
state to be 

n - i*fi* + iriK( 0B/{£+ sen (11J 

I In the case uftere the rseept&re are bleached, ft is the 
equivalent background light)' 

In the accMipertying papor, Alpsrn at aN(197Bb> usa all the 
artful tricks available to these experienced and ingenious 
investigators to verify that this relation holds over the entire 
intans1ty range. 

Ihe newt problort l* to apply ths sans techniques to the case 
where the background is replaced by bleached receptors, Alp#rn, 
Rushton £ Tprll (1370c} fouhd that their results Mere us I I 


fitted hy the equation 
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1/N - (1 + + W Ifb + 47WI (1Z) 

where b ■ lfld-al2B. and 0 is the fraction of pigment that is 
bleached* U2> reduces t& flit when B - fl* Thi* equation was not 
tested far backgrounds coneisting of a poroination of bleaching 
and of real light* 

& pg-ta an Its dinattaaaLaflti si stabi 

It might be thought that the phenomenon of the disappearance 
of stabilised images hculd have arguted a great oe3 I of 
speculation and experimant, ^tille it has been the subject of a 
number of papers, (Barlow 1SE33 * there has been surpr I a ingI y 
Jittle cc-n-nant on the necessity for such a phenomenon. For 
Clearly, go Barlow 1 g theory of bleaching signals,, something haa 
to be dons about al I the images captured by varying degrees of 
bleached pigment on the retina, otherwise ore ucuic have 
considerable trouble trying to see real images* £viduntIy.* the 
intrefluctlon of some fairly r&la*#d condItion on the time course 
Of retinal signal a. Sufficient to ensure that: entirely stable 
images disappeared, would remove the irritation attendant on 
their contihuaf presence withcut undue burden on the cerebral 
machinery that Must allok for eye-l«gvemenits + 

As far as I an aware, however, oily ons paper has been 
pub Iishgd recently that bears upon this topic* Carpenter 11972), 
remarking upon an observation by E.Darwin examined the 

percep-1ion of after-inagaa on backgrounds of different kind** His 
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findings are th* following, For an after image, a background 
luminance can alwiyS be found (after 33 sets-} against which the 
after linage disappear a (reversibly). Ha called this luminance le, 
the eclipsing luminaries, ana found that le depends not at alt on 
properties of the bleaching signal that caused the after-image, 
hut depanda wholly bn the immediate history of the background 
I unin^neflr Essentially, he found that, if stared at far long 
enough, any background luminance 1 becomes tna eclipsing 
luminance. He suggested that the si gnats that fora the input to 
Ruehtpn's devidee ought proparly to ba viewed as the time 
derivatives Of certain quantities that are intimately associated 
with processes in the receptor and el sen here, and he proposed a 
model that has a number of attractive features, However. it 
fails ta explain the case of changing from a lower to 3 higher 
background 1 urn inanes I indeed from his plotted results, it is 
aimost 39 if the eye tails to Change under these condi liana) . 
Carpenter's model is interesting, however, because it postulate* 
the existence of an intarmediate photo-product, whose 
concentration ia the 'bleaching signal"' required by the Ruehtpn- 
Hodgkin mode 5- 

Finally, mention must be node of the intereating paper by 
Sharpe il^72) , who studied the visibility and fading Df the 
entoptib shadows of retinal blood vessels- He showed that, for 
perception of fin* detail, th* slow drift of the shadows across 
the retina La essential, whereas to see coarser detail, the 
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contrast need only be tefcporaUy modulated, He also found that 
the rise in contrast threshold of th b pattern of shadows as they 
are viewed is partially binocular I y transferred, which proves 

that sona of the perceptual fading has a centra I origin, 

4 Land'.9 retime* method 

Intensity is the product of illumination and reflectance. 

The visual systen it really interested In ref lectance, and bd we 
are interested in studying methods that can extract reflectance 
from measurements of intensity. Lightness is an approximation to 
reflectance that is based on the usually valid assumption that 
changes in reflectance are cf c scont |HUGOS. uhereas changes in 
illumination are gradual. The retime* is a way of extracting 
1 ightneea frd* rnformaticm about intensity. 

Land has char ac terisad this opera t i on sufficiently! for 3 
computer program to be written that can si nutate it, and the 
description of that progran is roughly as foilous. Given a 
picture that looks like one of tine works of rtondri&n, the 
computer moves over the field in a psiudo-rancton walk, measuring 
the I urai nance of each point, as viewed through a filter of am, 
appropriate kind (red* blue, or greenK At each point, the 
program note* any discchtinui t i as in tbB luminance, and Ignores 
smooth changes that HIJI commonly be du* to changes In lighting 
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rather than Changes 'm reflectance. Tne systen than uses the 
record of di BcantinuitlflS to Integrate back. to the Original. Thu* 
the output from the re-tine* Operation i e the same as the input, 
except that the effect* of *!0 h changes have been el iminated. 

Th i a is dene independently far a IF three colour ghannela, and the 
results are then combined ui th sons suitable normal!sing 
constante to produce the final, ccncuteu colour. The relation 
between the output from the three chsnnela t pnd the "correct” 
colour-a in the scene, can be set by the viewer if he "knows the 
colour of" (can assign an interna! cel cur name tel some objects 
in the scene. 

Lend \p careful to point out that th* Ret ins* operation 
should not be viewed only a* an sld to colour visions the 
variability in illumination of monochrp-netiC scenes is such that 
the retingk process Is just ss Indispensable to seeing them, in 
condition* of everyday life. This is borne cut by th* great 
trouble that must be t*k*n to achieve correct lighting even for 
biack-and-uhite television* because no ret in** operation is (at 
present) performed before iransuIssion of the picture. 

fern's algor Lthm fflr m Rejingh effect 

The implementation given by Land for his R*tin*x theory is 
unsatisfactcry firstly because It le not part leu Iarlg easy to see 
exactly Una; is happening from i tf end secondly because it 
rsSie-s an covering the Mondrians by g sufficiently dense random 
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walk, Which ll 3 SqUib uiiat messy process. Huir,, in a companion 
paper to this one, has Shewn how the rat mux function may be 
computed by a uniform procedure. IT i* easy to understand, as 
follows. Uhat Land requires from hie ret In** process Is that it 
measure local gradients 1 and accepts only discontinuities. In a 
discrete cd=iie, this corresponds tc measuring local contrast and 
applying a threshold to it so that anounta that are smai 1 enough 
to be due to gradual changes in i I J mi i nat i on are ignored, and 
the larger ones are let through. 

The beauty of Horn's algorithm is however that it has such 
an easy inverse. Ur its x far the output fro* a receptor, x r 'for 
the output from the gradient operator x" for after a 
threshold has been ppplledt and *i5 for the final output. Then if 
Mix) denotes the neighbours of x , the squetions are as lellougj 

k' - * - 1/™^ M tl> 

hit*) 

x" « x" if j* + [> threshold t [say] E£l 
™ 3 otherwise 

w* ■ *" + 1/n ^ y it (31 

Nl**) 

That these are inverse* flay be seen as follows. Take 3 point 
source, with G neighbours arranged hexagonally round *, 

Then x-l t yi-B (i-1,and 

x*-l> • y' i - -1/5 Cl-I.51 

and xfl-»l T yft-ES is a solution td (3), for boundary conditions 
that are zero everywhere- The solution is unique, and the two 
transformations are inverses for point sources. Since any 
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]uminance pattern may oe regarded as a l inear combination af 
point sources, the transformations are Inverses in general. Ef a 
threshold i s interposed, ue rap Idea x" by x.' as in [2) above, and 
the efFacta of alon charges are rewoved* Computer simulation of 
tfte ef facta of this are given by Horn [1574]. 

Thua the ret ins* operation may pa performed by thrEe stagiest 
the first takes local d i ffarencaa; ths next Stage is 3 thra 9 ho Id 
operation, where the s«*e of the threshold is set appropriately; 
and the third, reconstituting Stage is easily performed by a 
reaistivs network, The threshold nay be set by looking at the 
gradient histogram, and choosing the threshold to exclude the 
contraT peak. 

This algorithm •□□ke much mure promising for iepl ementat i on 
in biological hardware, and it represents an important step 
forward. A a ue e,na F I sea, however, it is not Quite correctt but 
it has probably brought ua to the brink 0f being able to relate 
part of the function of the retina to its atructure. In the reat 
of this essay, • explore the cpnaequances af assuming that the 
retina performs something like the retrnex computation. 


PART III The oparation of She |ight-adapted retina 
in tha absence of significant bleaching 
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1 General Congidergtions 

In conditions of moderate 1J lum i nal ion. the retina has to 
compute the ratine* function from it* Input*, and present the 
answer in g lorn that i 9 sui tan I e for t r ansa lesion along the 
optic nerve* Luninance is the product of re ( l b stance and 
illumination, and lightness is an approximation- to ref I ectancet 
hence in order to remove ths effects of illumination by a \ inear 
process, the computation must be oerforned on logarithmic 
measures of brightness^ Because there are a number of nethads 
that could be used for computing the retire* function, the 
analysis of retinal structure must Us preceded by a brief 
discueeion of the ccostraint& dictated by physioi 05 ■caI 
conaiderationa. 

1,1 Ijt£ need far attenuation 

The receptor response is what fluEhton calls an l+-curve 
£1 /[!+£])* and so ie nearly linear over a large log intensity 
range. Ceils that transmit signals using spikes probably do not 
share this large dynsnic range, sD in addition to the retina* 
process. Considerable attenuation of th* signal must taftE place 
at some stage. Pcychophyeicsj evidence rtitvant to deciding when 
the attenuation taWes place is discussed in sect ion. 3*9- 
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1«Z Serer frte dianoala Iel positive acd Lsl nanalim aiaaftU 

Nervous elements can transmit only a one-sided response. 
Hence It a number that can be either positive or negative has to 
be signal fed, either tmo channel? must be weed, or zero must be 
coded as half ttia maxima) response* If a condition on Ere 
absolute size pf the number has to be applied by using some kir.d 
of threshold mechanism, one pronably has In use two channels. 

This argument, togtthsr with the relevant physiological evidence* 
means that algorithms have to be selected that use variables 
Mh I Ch are either a Iuays positive or a I nays negative. 

1*3 Oegi-ees of freedom ays I I jbI f 

If a system is to perform the ratine* computation using a 
method analogous te Horn's algorithm, the initial operation must 
be float kind df dlffersnce function, ana the result Df this 
difference must be passed to the next ttege for reconstitution of 
the image. There are many variants of Horn's algorithm that 
compute scmsthing equivalent to the raquirsd totinox function. 

For example, the difference function may be a pure subtraction; 
the log of the results of a divisiont or even the ran rtiuM of a 
divifliDn, li.e. the geoTistric mean of x/y for y in the 
ne I ghbourhood Nfcx) J , provided that ths next step 3* to take its 
.logarithm, For each of these, there exists an appropriate form of 
the reconstitution algorithm. 
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1*4 Relevant t?hmi 0 loo ical inf d- mat;on 

T.nere is 3 large amount of Inforiiat 1 or. avai iafeje about the 
retina, Shd because of the high prevailing standards of retinal 
phyaicleyy, a successful theory tiust explain almost every 
find!ng+ Converse Iy h since 50 much la known, 3t is possible to be 
specific about most of the detains of the retinal eomputat I on, 
There are some places where the account I have given, though 
probably the most likely,, is not the only possible one; In such 
Gages, 3 have erred on t-he Side of spec \ fit ity rather than of 
caution, because a definite statement that can be disproved is 
more fruitful than a vague one that cannot* 


2 Ccrputing !h£ Qifferpnee Function 

From 2,3, it is clear that the first -stage In the ratio** 
computation must consist of some hind of difference function. 

The possible candidates for the output of this stage sre the 
receptors, tne nor!cental eelu. the bipolar calls, or pernapg 
some later rail* The most likely candidate* *r* the bipolar 
cells, and the following arguments constitute wha t is virtually 3 
proof that it must be them, 


2.1 0/ fferencee mu^t taken early 

[f a retina* operation Is to be performed on a visual input, 
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M must be th* first thing that ia dona to the information. 
Contrast detection for local operations only may fake place 
befgre reconatitution, and may perhaps proceed in parallel wi th 
thg difference operation fpr the ratine*,, but thgy may net 
precede it. Further, since the retina* must precede any 
operations that aepefid on global assignments (tike ceJ&ur 
naming), And wl i 1 greatly facilitate Fine and edge finding [by 
removing |hg effects ct slow changes}, there is r »0 reason Opt to 
Implement it at the first available opportunity in a vision 

SL-stan. Hence the first place at which thg transform could ba 
computed will be where It ie actually ctwtJuted. 

2-2 The di tferenot; s I gnai mypj be after the receotO’-s 

The first possible place at which the difference signal 
could be coded is by the receptors. A possible explanation ia 
that the horizontal cells, sr perhaps receptor-receptor contacts* 
provide the necessary antagonise to conpute the gradient. The 
Latter possibility is ruled gut, because the antagonism has to be 
c o I our - coded, and the packing pf the blue cones is inconsistent 
«i th this. Hence, for ef least this channel, it would be 
necessary to create the anUgOhietic turrcund via the hcrizontal 
cells. But thg horizontal cells must be drlv#n by thf reeepfcprai 
hence. If they fed beck onto and affected directly tre signals 
from the receptors* the receptor output signal would be the 
steady state solution to an express ion of the fork 
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x' - h - 1/ny n y’ 

Ntrfl 

which is the wrong transform, Henc-s the difference fund ion 
cannot be signalled by the receptors: they muet carry the pure 
receptor response, 

2-3 I ha. tojzpatAL cel I B must provide ibs mjjflflQlJl 

Since the receptors muet signal the flux of light that they 
receive, some other agency must provide the antagonism n-eeeaaary 
for computation af the difference function. This agency COU I d not 
be the midget bipolar cel E because it contacts only one eene+ 
Hamce the midget bipolar cell ouat carry the difference function, 
and tha horizontal pa(I must provice the necessary antagon>strC 
surround for computing the local gradient, Ideal3y, there should 
be as many horizontal cells as there are receptors: there are 
not 4 however, and because the horizontal response is a lintfltt 
not' S Jogarith®Fc function of intensity, the compromise 
represents some degree of approximation* However as he shel I see, 
the recap tor-us polar Interface Is probably a vary complex 
structure* and a final judgement of iSo performance must wait 
until It is thoroughly understood, 

2+4 Ev i dencq from the ir qij - buBPu 

The above arguments were constructed from purely anatomicel 
evidence, because there is no physiological informstSen about 
these cells in the primate ret Snap Uerblin & Dowling 1, s C13G93 
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ree-pr ding a f-on the mud-puppy ratine are however perfectly in 
accord with this view, The racebtdrs shew no centre-surround 
organization.] neifher do the horizontal ceils; yet the bipolar 
cel ls do. Because the structure of the mud-puppy retina is so 
similar to that of the primate, ECawlinc £ Uerblltn L9S9I , this is 
strong supportive evidence that the horizontal ceEEs are 
responsible for antagonism which interact? with the receptor 
eignal at it? transmission to the bipolar ceil, 

2*5 jfaftflflCfl Ql interaction set keen hcrizontaJ cgJJ-5 

The present theory require? that there ?hould be no Direct 
her I ion t a I e# t f - hor i zon t a I cell i n t er ac t, i on , The differ encia 
function for a single cons channel, though It need not consist of 
taking only the difference bstween a central receptor and 1/6 the 
sum of Its lix neighbours, should have a spread that is only 
slightly less local. There should he no trans-re( i na I 
trsnsmi as ion that would foil DM from significant interaction 
between horizontal cells. In particular, the peculiar long¬ 
distance effects known to occur for retina] gangilien cells Esse 
part I 2-^-7 SXY7)l should not be present at the bipolar cell 
dendrites. (They 4i M bo dlacuSaod in section 3 of Part III), 

Ppuling & Boycott searened carefully fer synapses between 
horizontal ceil a, but failed to find any. 
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2,6 Remarks about horizontal s ail BEmlifllSflU 

The COnseQuentas that bellow from the repuirEment tor no 
interaction between horizontal cells in each retire* system, and 
for no interaction between the different systems, are these: 
firstly, there should be no Interaction be(ween the horizontal 
processes that form the lateral elements of the receptor 
i fiv ay I n a t ■ ora ? secondly, the horizontal pell axon must be without 
function? 3nd thirdly, tha physiology of the horizontal cell 
“dendrites" should Ob very similar to that of its axonal 
processes. B.B.Boycott (personal communication) has suggested 
that the horizontal cell exon may he vestigial, 

3 Transmi ttinj the Difference SI anal. 

Haw3 ny decided that the bipolar cells must carry the initial 
difference signal, we now as'*, whet is Sts form, and haw Ib it 
oarr■edr 

3,1 rosltlVB am neoative chonhols 

Whatever the exact shape of tha bipolar cell message, it 
■hould in principle bo continuously variable Over a large range, 
both positive ano negative for a subtraction or for the leg of a 
division, or less than and greater than 1 for a rau divi& 5 dh, Irt 
the aud-puppy, this is not the case (see Part 3 section 2.3) 1 the 
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effect of the her i lent a t cells i t to attenuate transmission fron 
the receptors, not to polar lie the bipolar cel! in the opposite 
direction. Further, tun hinds of bipolar pel la are faund h Nith 
so-called "dh-" and "Off-centre" responses, It. therefore looks 36 
i f, in the case Of the feud “-puppy, ths difference function is 
signalled Si ung two chSrrel sr one carries x" if *“ is positive, 
far >1) and the otner carries -m" when w" is negative (or <lf . 

This is to ne expected, for the r-easora outlined in section 
L.2+ The fiiffaraocfl carrier has to transmit a two-sided signal, 
and this signal has to be thresbolded T whether its- magnitude 
varies [roughly) Jinearly with the signal or logarithmically. 
Hence two channels ere used. One other sate I | point ip the 
additional bonus of insproveef accuracyt this may be useful, even 
If the signal ranges ne. n e of the order of lddddd, because the 
bipolar channel Ls carrying differences rather than absolute 
values, 

3+ 2 E*tgHE'yg in its flciaaia ratine 

In view of these arguments, the organize Sign of the bipolar 
to I is found in the mud-puppy issues such very good sense that one 
is entitled to expect a similar organization in the primate 
retina. If ths rat may process is to be carried Out at th# 
ultimate read l-iit ion of single receptors, it ui ] J bo necessary to 
supply each receptor with two kinds of small bipolar call, one 
for the positive, and one for minus the negative component. It 
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cannot be coincidental that each con? contacts one Midget, and 
•one .flat midget bipolar cell I Kolb 19?EJ] , The present theory thus 
explains the presence of th* two kinds Of midget bipolar cell* 
though it cannot predict which Channel in which, 

in tha cade where the ratines process if carried out at 
lower resolution* as it nay be In many nan-primate retinas, in 
the rod channel gf the primate reting, and perhaps also in 
parallel from cones in the private retina, it Is not necessary to 
match the two dhanre i a so exactly., though the cioebr thfey are the 
better* Thus, where bipolar cells contact more than one receptor* 
the condition for strict duality of bipolar ceils it related 
slightly, though the resolution of the two channels must be the 
same* It will however always oe necessary to have two channels- 
Hence every receptor must contact at least two bipolar cells* one 
plus and ons minus* This consequents is particularly interesting, 
since each rod In the primate retina usually contains only two 
bipolar processes: the theory therefore predicta that these must 
have opposite signs, 

3,3 The d I f f-e.-ence funp_t igfl ysij^ '• n t|ie nud -pyppy 

Usrblin & Dowling {19E9] reported that the bipolar cell 
response in the mudpuppy retina depends, over a large range of 
absolute energies. Upon the ratio of the energies in the centre 
and the surround, fhg receptor response Curve is an H-functSpn 
seg 2*1 of Part ll* and Kaka S Ftushton [L3&7J hound 
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that horizontal calls 3 I ah exhibit an H-curve response to 
1 Mum ins I inn. flushtgri (1372 p24P) believes that the H-relatien la 
continued In the bipolar cells, but does not Cite any -direct 
evident** 

The question ie an important one a because ana ie naturally 
Interacted m the bn act function that i e trans-ti i ttad by the 
bipolar cell. Three hinds pf evidence suggest tnet it should not 
be a pure subtract I cot f I rally, (ho requirement of Land that tha 
rstinsK opera t ion be performed on logarithmic quant 1 t I f?9t 
eecpndly, the finding q { Uerhlin £ Dow! irg mentioned above; i'nd 
thirdly indirect peycho-phyeica I evidence that the reegnstUutipn 
stage Is computed using logarithmic quantities (see 3,5 below, 
and Part III)* There is however some room tor doubt about whether 
the bipolar signal is a r&M division or its IsaaH thm* though it 
ie probably not exactly either cf these. Dr the available 
evidence, the most lilts ly e grid! die te seeJis to be the logarithBic 
quantity, but It may be garrred krth variable gain. 

3.4 Ejoldsnge eoput ihe P-^er sup sequent operations 

Et ie C i cQr that a large- number of traneformations muBt be 
applied to tbs difference signal be fere it can be passed to the 
optic nerve, and peychophys i oai evidence can help us to decide in 
uhaf order thpy ar* porfqrhpd, prom the COblrfl*f-fI ash 
experiments- of AI pern* Rush tan £ Torii that -were reviewed 
earlier, it ip clear that several things are going on. They arai 
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3.4+ L The summation Of signal? frgm the various part? of the 
ourround this summation <9 linear in the incident energy. 

3.4 + 2 The Eager Ithm Of the sum tar some very similar function) is 
taken, both of the Eurround, 4 1 , and of the centre, 

3.4.3 Both g>gnats are attenuated ay an amount that depends on 
the background {ignoring bleaching], by a fraction 

(?0/t £ + 0ff} , where 9 la the strength of the background. The 
experiments do not specify whether the attenuation is performed 
after 3.4+l. p In which case it ie a division! or after 3,4.2, in 
which case it amounts to a subtraction- Rush tan's {135EFL} use of 
Fuortes ■& Hodgkin's {1964) cab is theory modai is a clever example 
of haw the tua operations oauld he performed simiitaneousiy. 

3.4.4 Finally, the tuc transformed, attenuated signals are 
compared, and Ef the difference is noticeable, a signal is 
transmitted- The results of A |pern 5 Rush ten (Z9S7 figure 1) are 
best explained ay supposing that 3+4.4 is performed aftor all of 
3-4+L to 3+4+3+ 

3 + 5 XtLfc £>rri q r limflfljifld fell lhl',9 thec-.U 

Ih trying to decide upon tne nature of the bipolar signal, 
ana must first be dear about uhleh fact* are not relevant, One 
result suggesting that the signal must at this stage stiH be a 
linear function of the intensity It ftipern et al+ h s Eig7Eal 
finding that the surround signal adds linearly before interacting 
hi th the signal from tha centre. However the Slie of the central 
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region f2 degrees for the rod exper jsents, end 28' tor the cone 
pres. A pern et 31+ L970a£d) alioj that the serration could all 
take place In the horizontal ceIis, kdich are krchrc to exhibit a 
i incar response.. 

A second possibly relevant binding Is Rushten & Uegthei*ier + s 
U9G2J that the threshold of all tn* rod* in a summation pool Is 
apparently raised by bleaching some of them. This seems to imply 
that st some stage, a Ffoahton-style gain box must be used that 
attenuates all the signals fren a smunatlng pooi■ This result 5s 
apparently very* difficult to explain on the present theory,, 
because If the bipolsr signal really is a division* Dr log 
division* there Is no necessity to set an explicit threshold: a 
constant one u1 11 suffice [see 4,11. Yet the natural place for 
the gain-box to be is st the toot ot the bipolar cell axon, 
because this is uhere the p sty do light input 1 eorre spend i ng, to 
the required bleaching signal* Is to be found Dee Part 3 ID. 
There is however a passible explanation that dess not involve the 
gain-box idea at all - indeed almost the only concept that le 
repulred from Rushton’s theory is the notion of tuo paths* one 
for pesu do- and one for real light. Ef this is correct, the 
pseudo light signal mil explain the results of Bar Iou & 

5 par rock, less Part III), and the results af Rush tan £ kies the inter 
I19G2)* of Ru chiton C1555a and b), and of Uestheimsr IL3S&3 
receiv* a separate explanation. These have to oe dealt ui th in 
Part IY, but they are consistent with the notion that the bipolar 
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Signal id the log of a division. 

The main ergumaftt fron ret tnal Structure suggest a that 
u^ate^er quantity is carried 1ft tha bipolar channel, it is 
composad &f subquanti ties that can fresly ba added togather + This 
rs because the horiccriai call interact i oh with t-ha bipolar* Is 
dispersed, which means that if the receptor-bur izontaI-b ipc Iar 
junction performed a pure division, errors would arise because of 
dl ff&rent waives ef the divisor provided by the different 
horizontal call* at each aita, Tha difference between ttl/2Ml/dl 
■+ and r/y'1 dl d2 1 is fv&l - Vcl2) /vdTdJ: this 1e especially 

severe when the V are very different, which in this cave QCCvrs 
at boundaries “ i - a. at the very places that are of irtterest+ - he 
observed anatomical arrange «ent you let therefore &e bad far 
accurate pi vision- This argument is weaKened a SittJe by the 
presence of two, usually different horizontal cell processes at 
each site - suggesting that the divisor it their average - but it 
■ ? still forcefulf the argument 1 up lies that the bipolar signal 
ia the sub tract ion pf tUo logarithms, rather than the division of 

tup numbers K though thi* quantity nsy be carried yith variable 
gain, 

2-b SpruBru 

It Is therefore assumed that the bipolar cell carries a 

signal that corresponds to an hMuftCtibft of some possibly 

variable multiple of the quantity llogU} - il/^utyf ) 

N(j^) N(rl 
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u {y) I og (y> > >, for seme weighting function u. The capful data 
present Ed by ICdlb U970 figures 37 £-44) sbn*j that tftE diameter 
of the weighting function u ia at cut 78 *l h and w decreases 
with distance from the central receptor x. 


4 Attenuation an£ thresholding ai I!i£ difference si onal 

The hears cf the rttin** edif-putatloni it the application of 3 

threshold to the difference signal, for it is thie that remove* 
the effects of slow changes in luminance fron the i~!Lige. 

4+ L Ih£ sise ai lh£ 1tiresh.p I d 

Consider the effictt of doodling- the luminance of a icons 
{measured an a i inear, not a I cga- i this I c scaleK The energy 
received from each point doubles, hence gradients double* and 
hence the necessary threshold must also double. This is however 
only a rough guide, because bright sunlight produces views that 
are much sore contrasty than the [roughly} uniform H Sum] nation 
provided by a thick, layer of cloud* If a histogram of gradients 
from a scene is taktrt, tht central psak may often correspond to 
the thresholds that have to be removed, and 31 11 be Important 

{whan adequate transducers oeeore aval tabid) to explore how the 
width of thie central paSk dEper.ds upon various lighting 
Condi I lone. Until then, one oust assume that a linear threshold 
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is adequatet this ia consistent with psychophysical evidence on 
contrast detection (soe eeclion 1 of Part EE IK If the bipolar 
signal 1* logarithmic* a fined threshold applied to the bipolar 
signal Mill of course behave like a threshold that varies 
linearly ulth intensity* as required. 

4.2 DiLEflumfl ilanal narnal-isat.Lcn 

Evan given that the raw division si oral is transformed into 
its logarithm somewhere In the outer p lev Horn Eaysr„ ther-e 
remains a quest ion about the normalisation of the difference 
signal. Despite the fact that the dynamic range Of the difference 
channel is probably much greater than that of the ganglion ee-1 l 
axon,, it should be possible to use the uhcie of the ganglion ceH 
channel capacity throughout much of the working range Of th* 
retina, the best nay la to arrange that the necessary 
normalisation takes place at the last possible eon-ant - in- this 
case, on the difference signal JuEt before rsconstitutiOh, Et can 
take place independently in the three colour channels, because 
the relationship between colour names and the relative strengths 
of the signals from ths retina has in any case to be determined 
by eome other mechanism. 


5 Reconsti-Jtinc ias 3mace 
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The raccna t i tut i on of tne i mate con*i tie of Computing the 

steady state sDiutiar to A set of equat ions I ■ Je .41 

k* » x“ + 1/n 5Z tl* (&1 
Nt*+) 

where the relghbourhood Mix) be matched tq the neighbourhood 

that uas used In the primary gradient extracting deration.. )n 

the retina* the position is much complicated by the feet that the 

difference signal n" Is carriad over two channels* which will 

he cal led x^'t ancf x H -. uhere x" ■ {x" + - x“-K In this 

ai tuli: on, the Inver a a transformation □ a comes 

- (m h + - *'-) + 1/n ^ ysv till 

Nii*) 

One is naturally interested in forrulations of this 
Operation in which the final output is spEit into two Channels, 
because of ths existence of on- and of off-centre ganglion CcMs* 
(It may be that the output has to be epllt far reasons like those 
of section 1 + 2, applied to later contrast catsctian operations)* 

5.1 Boas' b ie schemes for co^inuTing the inverse 

There are a Plunder of possible ways of implementing equation 
(II, and they are listed below. 

5.1.1 7he first Is a direct Implementation, using a simple 
resistive network* &J though this is the neatest solution,, it 
cannot be Implemented .in the retina because one has to operate 
ul tin variables that are always positive* 

5.1.2 The Bscond possibility is to solve the pair: 

.xft+ * x H + + l/2n ^ y* (2) 

N 
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**- - K-- - 1/Zn £ y* 13? 

N 

together Ui th the condition that xrt ■ (w*+ - xtr-}. This method 

cannot he used either, because circumstances can be constructed 
that require both channels io bo able to carry both positive and 
negative signals. For example, coneider a situation uhere the 
local average luminance is high, end h* is small but negative. 
From equation £Z>, xtt* etays fixed, and from £31, xiY- becomes 
slightly ieee negative. Hence both channele need to carry signals 
of bath eigne, and this i mp I efientat i on ie therefore not suitable. 
S, 1,3 To overcome this, one sight propose the solution obtained 
by solving (D and simultaneously converting the answer to two 
channels n*+ and x*-. where x*+ - if x* is positive, and xs'd— 

» -xiY If x* is negative: both are jero otherwise. I have examined 
this poaaibi Hty in detail, but uas able to reject it, Thu 
argument is long, and will not be given in full bars: but the 
basic reason can be briefly described. In order for this schema 
to work In a way that ie consistent with retinal anatomy, it 
turns out that the full solution has to be computed by both 
the pius and the minus channels. It is possible to show that th« 
full solution iwith Different signs) must therefore appear at the 
3x0h terminals of both kinds of midget bipolar cell: this 
requires that both terminals have access to both x H + and x 41 -. 
But x H + has been transformed to xi>+ before it can leave the 
plus bipolar charnel, and eimilarly for x"-. Hence, the negative 
channel cannot receive x H +, and vicE verea, so the method fails* 
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5,1 >4 The fourth possible scheme is Id try to keep the two 
halves cf the Solution apart as Song pa possible, This means 
solving the pair: 


xO+ * x"+- + L/n 

Z y*+ 

(4) 

xvi- - x"- -i- l/n 

z ^ 

IS) 


N 

At first sight, this pair of equations Poes not appear to 
compute anything useful: cut ana can prove that it does as 
toll pus,. By subtracting 14) and ESI, ue obtain: 

Ufr+ - > 1 *-} - U M + - k"-) + 1/n Z - yi'r-> IS) 

N 

Thu® the expression (x*+ - k*-> is in fact a solution of the 
squat inn Li). Uhat this means is that a so lift! cn «ay be obtained 
from {4) and 15) provided that the two solutions are coupled 
in a subtractive nay. In general* the tuo halves x&V+ and :*>>- 
will both be large and positive* since there is nothing negative 
in either of (43 or (5) to puM them conn. The solution is 
however not disturbed by subtracting a suitable function f(xft), 
provided that it is dons to both *4+ and x*- simultaneously. 

In the particular case of the retina, it is Important to keep the 
terms positives, 90 the amount to be subtracted mu at never exceed 
the smaiier of and xfc-1 subject to this, however, 3 

5 Mbtractive coupling between x*+ and xfr- is permissible. 


Hence ue obtain 

the result 

that 14) 

and (5)+ together with 

the operations: 




*sY+ goes to 

(x*+ - 

f tv*)) 

EG) 

x*- goes to 

(xtff- - 

f [ KVf)) 

E7) 
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still represent* a solution to (1), as long as the condition 
M-;f+ and are kept positive [■§> 

also holds. 1 n particular, the gain in the circuit that defines 
f may toe chosen to keep ttoa smaller of **+ and x*- near zero. 

It is perhaps worth pointing nut that the determination of i is 

quite separate from the prob'en of fixing the DC l*v*l for the 
output: nor can variatione in f account for the disappearance 
of Stabilized rstinal images, since this would correspond to 
tampering with the difference Cxii+ - x*-3 t as 1 onj> as this 
difference ia preserved, the output of the process is a faithful 
ret i nexed copy of the image* I The stabilization problem is dealt 
with in section 4 of Part Jill, 

5.2 laaLataiiiams! titlflili 

Th* method of 5,1.4 it the WOSt sat 1 sfactory that ] have 
been able to devise, and It will now be shown that it provides an 
explanation of many features of the inner pI exiform layer. 

5,2, L The reel last ion &f equation f43 requires a device with 
feeStack, because th* answer T once obtained, muet be applied to 
the mechanisms that compute the answer at neighbouring points* 
Since the retinal ganglion cells are not pre-synaptic to any 
other retinal sells, tne ex nr ess ion Df the final answer xur*- 
(say3 cannot exist only at these cells, since if It were. It 
would not be available to neighbouring ganglion cells* 

5,2*2 Hence, trie answer x*+ must be computed in the bipolar cell 
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axon terminals, an in the anserine cell a, or both, E t cannot be 
just the jinacrirB cells, because moat of the ganglion cell 
synapses CDib from bipolar cel 1 b. The moat likely candidate js 
there fora tng bipolar axon terminals, mi th some kind of 
mo a i float ion fr&* the amaerino cells, 

5.2.3 the complex of a dyad synapse plus a re torn synapse froa 
the anserine cell to the bipolar cell Is exactly Mhat this 
hypothesis requires. The reason la that the amacrine cell a have 
to carry an expression like y*+ for a neighbourhaad* and add 
it to the quantity k% that comes down the bipolar a*on, At the 
dyad synapse* the component Mft+ la transferred to the anserine 
cell trangverge carriers* and the expression ix*+ r yrt+> is 
adned In to complete the computation pf *Vr+. Qna would therefore 
expfttt all dyad Synapses that Involve a stratified amacrine celt 
to be accompanied by an amacrine/blpolar aynapse. 

5.2.4 The philosophy expressed In section 1.1, that spika-carriad 
Signals must be logarithms {because qf the amaller dynamic range) 
Is cons I stent Mith this* At least spue amacrine cells support 
spikee, anp for the theory to Pa correct, thg lateral 
Interactions must Os in terms of logarithmic quantities. {This 
also explains various features of bleaching adaptation: see Part 

IVI. Converse Iy, if the reconstituting stage is computed in 
terms of logarithms, the gradient finding operation must be a 
Si vision, 

5.2.5 The coup I ing between the solutions for huh- and x*- must 
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be provided by diffuse anger in* ceils, proOgb I y acting through 
the air.acr i ns-si-aer i n* art) amaer i ne-ggng I 'i ofl cell eynaps-es. This 
coupling can &e done effectively in a number of ways, and one 
tartnot decide g priori which ehoultf bt> used* It is however 
helpful to aat cut an explicit he thud for aehlgvr>ig it, because 
variants cn this method ara then rather easy to devise. Urite PDS 
to stand for * the positive part of": e*g. PD5[41>-4, and POSl- 
41 «0. [P0£ is useful because it captures the idea that a neuron 

with no- threshold can transmit at best only the positive part of 
the function that it receives*) Then let us modify aquations (41 
and {£> to the fo i I awingi 

**+ - x"+ + PD5 [1/n E (y*+ - y*-M t4' ) 

w 

x*- w x* “ + PDS [1/n E (u*“ - y*+M ■ (S') 

N 

Then (x*+ - xiV-} Is still a solution* Now urite 


G+ - PD5(x&+ 

- *Yd-> 

(91 

G- m PDS(XSV- 

- XYi+i 

(1BJ 


Then one of G-i-, G- ul JI oe positive* and Mill represent the 
so Iution. 


The Idea behind this formulation rs illustrated In figure 5- 
The subtractive interaction is Cone in two w@y*t firstly, there 
lg recIproegI inhibition between the stratified ameersne cells in 
the top and the bottom thirds of the inner pI exiform layer, 
Jnediated by the small diffuse amaprine cells. Secondly, there is 



Lightne-sa and ths retina 



(**39“:*3?]sod 




Lightness and the reUne 7 G 


direct inhibition that acts on the gang I Idti ceils, again, mediated 
by the diffuse amacrrne cells. The insortant points about this 
are: 

fat the form of the- coupling Let jeer the tup systems of 
Stratified amber!ns calls is very flexible? both the Kind pf 
coupl ing [i.e. the nuttbsr Of tern* collected undurruath the FQS 
function! h and the airoj-it. sre variable provided that they 
correspond closely in the plus and minus layers, 

(bl the silos of **+ and of **-■ are kept posit 3 vet this is vital 
for alloying a n" + signal to escape froa the bipolar terminal 
and influence the solution even uhere G— is strongly positive, tt 
Is because ksh- and kS- must be non-r eg at i ve at all tines that 
direct inhibition to the dipolar tereinale is undesirable. 

5.3 Lits. cijstr ibutior. at amz—ine CO I I processes 

From the analysis of S.2. us see that the stratified 
amacrine calls must be the Ones primarily responsible for [4] and 
ES) t (or H 1 > and fE'))* whereas ths coupling between th* two 
halves must use diffuse amaerinas* 

5-3- L 3n particular, the size pf tha stratified amacrine ce M 
processes must rtfiict ths distribution of horizontal processes 
above than. The Planetar pf the stratified diffuse aracrins cells 
ftstegorg 43 of Fart ], 1.2.11 is ZE-SSm, which is consistent 
with ths. figure of aPout 3Sy for the radius of ths horizontal 
cell interaction, (ses section 3.S). 
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5.3.2 The anserine cells responsible for coupling the plus and 
the minus chs-nnele ere probably the narrow field diffuse amacrine 
cells, Icategery All, because the only other candidates, (AS) . 
have a larger dii abater, and are uncommon* * 

5.3.3 Fro* these, the foil cuing synaptic relations fallen? 

(a) the dyad synaptic complex should connect midget bipolar 
terminals predominantly with stratified amacrine cells (Al; . Alt 
the synapses at these camp I exes should) have a positive sign, from 
the point of vlau of the confutation. Ln practice, this means 
that the bipolar to amacrine, antf the bipolar to ganglion ceil 
synapses should be axeltatoryf and the anserine to bipolar 
synapse ghoulb have the same effect on the midget bipolar 

ter mi nail a S stimulation of the centre of that celt* a receptive 

field. 

(bl Ths diffuse amacrine cells should receive excitatory synapses 
from the midget bipolar cells, or perhaps stratified amacrine 
cells, in one layer, and should esnd inhibitory synapses to the 
stratified anserine and nidoet ganglion pells in the other. They 
should not eend inhibitory synapses to the midget bipolar 
term!naIs. 

5.4 Eflmlion cel l oerd-i tea 

By the same arguments, the ratine* output should cOlse from 
ganglion celli with strati find oandritic distribution. It «3|t 
be sho-un be lew that these should be the )( ganglion ceils. Y 
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Legend to figure S 

The principal elements of the plus and ip inns retinal channels pro 
sho+in, as analysed in the t**ft, together with their predicted 
responses tg» a central black and to a central uhl te spot. Tho 
solutions for *!V+, **-, and fCfcsrt are strictly speaking undefined 
for the case where there is no subtractive coupling. In-the 
retina, such coupling is provided by diffuse amacrino cells* and 
in its presence, both find k*- are properly defined* Wet See 
that the raeponse to a central white spot appeare at what was 
initially the negative channel. 
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ctl to* which have a response that look* (lore like that which the 
coupling amacrines should have,may b* the diffuse retinal 
□engiion ceI IS- 

The summarizing diagram shown In figure E illustrates th* 
expected responses of the various retinal components to two 
5iup Ie Stimuli* 


PAHT lilt Propert1 ee of the Signals from the Hetina 

Toe above analysts has dealt with the process ire of a single 
channel Df the kind originating from a red or green cone in the 
fovea* but it is clear that similar arguments may be applied to 
the Other Channels. Ths same *incs of computation have to be 
performed, but there is no difference in principle between low 
and hiyh resolution Channels because of the linearity Of the 
basic equation (XI. 3 shall therefore omit further analysis of 
retinal structure* and will turn nou to examine some of the many 
peculiar properties of retinaj output! the above interpretation 
of the retina makes a number of them sssy to understand. 

1 ItUB, ^afrgr-FsEtlcjflE Lilt 

The XlBber-rechner relation between overall brightness and 
increment threshold ig so old that It might be thought not to 
need 3n explanation. Nevertheless* It is a curious law, depending 
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BS ' I t does linearly rSthar than 1ogarithmicaI Iy on the luminance 
of the background* Lt ia particularly eurious that, although at 
low Jewels of i I Euminatlg-n the Increment threshold varies uith 
tha square root of the background I uni nance, this cesaes to be 
true at higher levels, although tha receptors are still capable 
of responding 11 hearty with- the incident energy * Why dOcS the 
Square root relation* which is the optimal thraahoId for signal- 
to-no i se purpose?* brean. dpun where it does - at around 3 or 4 
quanta par rod par second? 

The prsEBnt theory provides an explanstIon, The purpose of 
the retinEK operation is to renove from the imago. Intensity 
changes that are cos to gradual changes ir I urn manes. In tha 
thEoretical case of a continuum* it is easy to distinguish 
continuous from discontinuous changes: Out if the continuum ia 
replaced by a discrete space, tha question becomes uhat size of 
very local gradient it large enough to be called a discontinuity:? 
It UBS seen In section 4*1 that Ip many conditions, the relation 
between amoiipnt luminance and tn* required threshold is a linear 
one* But the increnent threshold experiment measures exactly such 
a threshold! hence the Usbar-Faehner Law ia 1 consequence of 
computing the retinew function* 

2 Jh£ derh - adapted ret-ns 

At low levels of luminance, the retiflsx function cannot be 
computed. This happens whEn the average quantum catch at 3 
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receptor Is SO low that difference signal? measured by the 
bipolar cells Over their inherent time const 8 rut u&ullO be due to 
the sparseneaa of the incident Quanta rather than to a real local 
nrali ent 

At theae tgu luminance levels, therefore, the retLne* 
corputat I on drops out, and tha retina becomes an efficient 
detector of quanta, 8S &9r|px has Suggested, At the S9&S tletfip 
one uoutd expect the centre-surround drg3ni£ation to disappear* 
and illusions that rely upon the retina* process, like the Craik- 
CornsnSSt illusion,, should no longer function. I have ho specific 
Suggest ions about hbu these Changes are Imp Iememtebt it way be 
that they are related to the peculiar properties of the eleetro- 
retinogram at low levels Of illumination,. I see e.g. Cone & E&rsy 
13551 . 

3 C-anO 1 1 EP US±L re.sp.A3.5e CJ3r_aEisr jLb^Lqp 

There are many aspects Of retinal ganglion cell responses 
that have not yet been discussed. Firstly, It will be evident by 
now that according to the present theory, retinal ganglion Cells 
should behave Mke idea In Bed receptor cells, rather than in the 
Complex manner that has been observed £see Part ], 2.SI. Uhy are 
there X. V, and U cells, and why do they display such peculiar 
characteriet i os? Now thE computat inn of the retina* process re 
quite a cOopSe* operation, and accuracy probably requires that 
the tine constants of parts of the system are cui te long. It 
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u-ould therefore bo Burpri siing if the r*tine*ed output showed very 
good temporal rasa hut i on* Thne output should houever be tonic 
rather than transient; its sensitivity Cbut not i t& response 
curve) should oe a linear function of retinal II rumination 
(because ®f tfra linear proper t lea of the receptor a) j end the 
output Mill be relatively insane!tivs to flicker, or tp very fast 
moving etimili* Furthermore, if the computation ia done 
accurately, there is no reason to expect the retinexed output to 
show Melina in *e pariphery affect. Thus the conditions to be 
expected for the output from the retina* computation are those 
satisfied by X carle, but not try V cells. In particular, if this 
ia correct* the "colour" area of Zeki (1973) Should receive its 
colour information ultimately from X and not from V cells, 

Uiry have X-CiUs, and how are thay f oread? There is an 
Obvious answer to thia. ngnely tnat fast moving things ar* very 
important in the world. Ar. animal with a perfect retire* system 
uill nevertheless fail to eurvlve If Ire cannot see a predator 
flash across hi* visual' fiaFd, and Jcng time constants In the 
computation would have this unfortunate effect* It therefore 
BEBma appropriate that another Channel should be present* called 
the V calls, which are especially concerned with detecting 
traneients in the retina that are averaged out 3n the main 
r*t In** output. As we have seen, most inputs will cause a change 
in the resting levels in the amacrine Jgyers in the tentative 
theory set Out above* for example* the necessity to keep 
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computing f efficiently would mean that a charge almost anywhere 
in th* retina could have an effect on f elsewhere - an effect 
that la subtracted out before the main ret i new Output channe ! s 
are reached. If this effect has acoiiea to a second channe i Oat 
with the signs such as to add rather than subtract the extra 
quantity- (perhaps by using a diffusa retinal ganglion cell}, 
something like the behaviour of the Y cell*, with tic [I wain's 
periphery effect, would be tne result. The question Is a long and 
difitult one, that deserves a separate paperc but at l-eest the 
present theory explain* why Y-ceMe are necesaary. Oven i f not 
enact Iy how they are formed. Analogous arguhents apply to It- 
C@T ! 9. 

4 IH£ ri i sappearanee of. gtabl : i sed retinal images 

The d i eappearance of stabilised retinal -images is a puzzling 
phenomenon, gjuj one that would not immediately be expected fro» 
the present theory. The refine* output, presumably: the it'-eel I a t 
ahould -not decay with time* bo tnere seams to be no good retinal 
reason why stabilised images should disappear. St is particularly 
interesting that Sharpe (.1972) found evidence that at least a 
part of the disappearance was hinocularly transferred, and hence 
of necessity a central phenomenon. Now if the present theory is 
correct, the ^-channel will necessarily carry pstudo^images 
c&ueed original !y by receptor pleaching (eee Part i¥)i and 
because of their relative brightness, if they were visible in the 
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normal u3y they upfId undoubtably InterIflre directly i-iith 
per cep SlDn. Sharpe Kba also pointed OUt that the 31 On drift of 
the rill ha that occurs during normal fixation is essential to the 
percap it oh of fine drtall, yet according to the present theory, 
the X-chsnne I Si presumably tht means of transmission *f the 
finest detail* shod Id bt largely unaffected by this -drift. 

An attractive possibility is that the ndin contrast analysis 
□ f the striate torts* is driven by X-cel le t but that the output 
from this area carr.ot influence subsequent stages unless it is 
accompanied ty Y-cell signals fro* the seme retinal aree+ This 
uould be a convenient nay cf removing unuented stabilised images, 
and goes some Hay towards understand i ng the parallel inputs to 
areae 15 and 13 that were observed by Heffeien £ Stone U971), 

5 Gpngl Iqh 5 . 9 .1.1 r scftot \v« tiftjji SLflMiJlli 

The conventional i nterpretet i on o f the "cen tre-eur round 11 
organisetien of the genglion cell receptive fieJfl is that It is a 
method for enhancing contrast across boundaries- If the refinex 
computation uas working preperly* the output of tne foveaJ 
ganglion cells should at Uke the output from the receptors 
except that It ui I I be very n<uCh rare useful than the true output 
from the receptors* since the effects of stiall gradient* have 
teen removed- However, there are two reasons why, in- th* 
conditions under which such experl monte are uevaEIg performed, 
these dells should exhibit behaviour oensistent with the centre- 
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surround hypothesis. Firstly, the retinan computational machinery 
is eesign-eS to be run in conditions of normal i i fe: it depends, 
especia I Iy at the reconstituting stags, upon lateral interaction 
ultn reasonable signals from the rest of the retina* If a central 
bright spot is presented to a gang I ion cell, and then moved 
around close to it uhl la the rest of the retina Is in darftness. 

It is not clear uhat will happen. Elvers apart fraa these 
considerations, hpuever, one uould expect the normal uerfcing 
retinal machinery to ashibit the cantre-aurround effect. This is 
because the DC level in the reconstitution phase is not fixed, 
and is presumably chosen to be about the average of the received 
luminance at the retina* It fo-Elous that the behaviour of a 
midget ganglion, cell ulM apparently be strongly influenced by 
the local organization of the light on the retina, especially if 
las in ue13-conducted experiments) not much ia happening 
elsewhere on the retina, [f las also seems sensible) the GC level 
la set on a Ideal basis (giving maximum local intensity 
resolution), the same Mill held even if there is much happening 
elseuhere. Hsr.ce it is no surprise that the ganglion cells 
exhibit a centra-surround organization; this organization is a 
Consppuence of tbs imp I enentat ion □ f the retinex process, and is 
not the start of contrast detection* 

’Because of this* it is necessary to search the literature on 
the lateral geniculate nuc .bus to see uhat re s the centra- 
gurround organisation at the ratine could bE playing in achieving 
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the centre-surround organLratSen 3t later stages in the visual 
pathway* This question has bean asksd in a recent pacer by Haffsi 
£ FiarentJni £1972)* These authors state that if the retinal 
organi.11 oh were the first steo in contrast detection, the 
surround at the retina should sap intc the surround at the 
geniculate. If oh the other hand* the surrounds at the geniculate 
are constructed from the centres of Diner retinal ganlion Cal is, 
then the contrast analysis apparently! being performed at the 
rettsna is effectively being throne away gt the geniculate* 
Indirect evidenca that thi* is in tact the case! is to be- found in 
papers by Hubei £ LJic&eJ ilSSl), and by Singer G Creutzfeldt 
(1370); in the Change ih retinal organ i rat ion during dark 
adaptation £uhlch certainly tuygeets that the retinal 
organization is not essential for contrast do tact ion); and In 
the peculiar characteristics of the sire qf the surround area of 
a-retinal receptive field. Maffet & Fiorentini found 
experimentaIly that the geniculate surrounds are in fact composed 
of the centres of a nur-eer of retinal receptive fields. Their 
argument it ho-xMer weakar than they apparently beli#ve T because 
the geniculate organization seisms to enhance, not contradict the 
retinal organiration. Thu* th* strongest result that they can 
claim is that the retinal organization may be inessential for the 
later computations* 
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PART IV: Bleaching adaptation 

Ji is now time to turn t o the final important duster of 
retinal phenomena, namely the vexed question pf the effects an 
the retina produced by bleaching its receptors. 

l Summary sii 1 Dfi LTUortant fact 9 

It was seen from the brief r*view of the subject that was 
presented id faction 4 of Part [ that ths phenomena that need to 
be explained are the following: 

1.1 The grating e-xperimants of Ruahtan & Nestheimcr {LSS2H and of 
rSushton flSSSali , and the punctate dackgrcund experiments of 
Rushtor tlSSBb), 

1+2 The Jog of the incraaaed increment threshdid due to bleaching 
depends on the fraction af pignsnt bleached tiog[0/00) “ kB]? 
two things are remarkable about this; firstly' that the degree Of 
bleaching definitely determines the increased threshold? and 
secondly, that a small amount of bleaching raises the threshold 
by S large ascunt+ 

1.3 Barlow's hypothesis accounts for 1.2? for the similar time 
course of dark-adaptational chargee in spatial summation and 
small fleid threshold; for the similar effects of bleached 
receptors and of a rsal background? for the iasting constriction 
of the pupil produced by bleaching? for the ^esults of RutMen £ 
Uestheiaer [19S2?f ar.d for the results of Bartow £ Spar rock 
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(19E4) about the Subjective equivalence of backgrounds and 
bleachinys that nave equal threshold-raising capabilities. 

1.4 Rushton’s hypothesis, of separate paths for the bleaching 
signal and for real light signals, also accounts for all the 
results that Bar I on*& theory accounts for. In addition,, it 
accounts for 3 number Of phnnomena that Barlow’s theory cannot 
handle. These are flushton's ElyESb) finding that the effective 
■intensity of bleached rtceptor signals behavga \ tka the average 
of their logarithms, hot the log of the average effectivo 
Intensity* It is not ccntradic tad [like Ear Io^ > a theory) by 
findings that requlr* d3ff*rsr.E paths for the bleaching signal 
and for real light, though it odbe not necessarily explain IheJS, 
These findings are Uestheluer (13GS), Ernst E13ES3, and Wax a fi 
Rush ton (JBBSl, 

l.E Kouever. even Ru.sn ton's theory in Its pure form is 
inconsistent ulih sore later results, published in the aeries of 
papers by A1 pern, Rush t go fi Tor 11 + tn qxpfrr liner.t I of A I pern et 
al. (lUTScI , bleaching B uithqut background behaved as though 
thw rods u*re desensitized by the factor b^LBenfrl 23 , not like the 
equivalent background light. 

1.6 Finally, although the notion of two paths seems to explain a 
large number of phenomena. Rushton has given no arguments why fuo 
■Such pith* Should have evolved, nor has he suggested what they 
might be. 
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2 JhSl Bflma t cjeal zm aseuffo I inht 

Perhaps the moat convincing evidence for the present author 
that Barlow*a theory is incorrect was the experiments of Naha £ 
Rush ton USE-E-i. The effect of a real background i I lamination i a 
to shift the s~potentia I H and the affects □ f further stimuli 
appear on top of this* The effact of bleaching is however 
invisible (after 3 minutes) unless a tight stiauEua is supplied, 
in which case the response appears tc os attenuated* The absence 
of a steady background pc tent!aE from the bleached receptors must 
mean that they cannot be enitting a signal indistinguishable from 
that produced by real light, as Barlow's hypothesis requires* 
Their other finding* that the a-potentials are aLready 
attenuated hy: a great amount*, is ( think cf great significance, 
especially in view of the later finding in Bf:pB"imBnt I of AI pern 
et all {L37Bct that was referred to above. The reason is that 
thn central issue in the controversy concern* Ihe existence of a 
second path for the bleaching signal* and it turns out that the 
present theory has as a consequence the existence of a virtual 
path of about the right kind, but It Depends upon receptor 
desensitization. Consider the results of Naka & Pushtcn once 
mors; the onFy affect of bleaching that thsy observed uss that it 
attenuated signals due to light. Suppose that this was because Of 
the receptors. This i+puld explain the finding of As pern et al* 
(lS7Bo), and that result shots us that the receptors are 
desensitised by a factor that depend* exponentially on the 
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bleaching. This is a regrettable property of receptors, and one 
that I find Svrp-ris ing: but if true, it is the Kind of fact of 
life that one fee 1 b comfortable about haying as- a limit on the 
performance of the visual System 

Ensioe the bleached area, receptor signals arc attenuated by 
a factor lE^rftkBr Hehce the local difference signal, which is the 
log of a division function, is unchanged, and the bipolar signal 
should be roughly unaffected* But this 5s not the only 
consequence. Consider the effect of diffusely illuminating the 
who Is field of view witb intensity 4*. At the boundaries of the 
bleached area, the strength of the signal fr-pti fJiB rsteptors u j 1 | 
change to <J>/l3^k6. This will as interpreted by the division 
gradi ent measuring device as A boundary of size 4*7 ($/13*i7kB} . 
i.e. lBiWikB, which is independent of <$* and has logarithm kB. 

The reconstituting iechanisn, which we saw operates on 
J Pgar i thm i-e quantities, wi i I therefore receive transversely 
across the ameerine layer a signal that varies with kB. Thus the 
bleaching effect is transmitted to the inner layer, nut by a 
virtual path that exists because of the way the retina normally 
works. The reconstituted image has a negative brightness, but 
(lik« every discontinuity), will cause positive changes of s' re 
kS to appear in both the w*+ and the **- layara, Carpenter tl3?2J 
has shown that the appearance of after-images depends on the v-ery 
recent illumination of tht r®tlna. not on properties Of the 
bleaching stiaulus that produced, the effectj so the wrong sign 
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for tha pseudo light^s brightness ie not too serious, 

3 Sons find! n:ia ^wp I 3 i ncd 

The results of Bar low & Spar rack ffll'low ipnarfiataly, because 
the reconstitutad pseudo-image hae the appropriate sized 
brightness* this image however exists only in the amacrine cell 
layer, uhe^e irt tensity is represented in logarithmic units, anti 
average intensity values ccnputed there nil I behave like the 
average of log* [99 in Huchton ISSSb), The eIeetrophysiological 
results of Neka S ftushScn (1968J fflllbu because of the 
attenuation in the receptors, and because in tne middle of a 
bleached area, there la no signal from the receptors. 

The result of Uesthelmer U36&} tiay be explained by looking 
at the difference signal in bis tuo situations. Let the intensity 
of the small central test point be pi of the disc, di of the 
background, o ■ end of the equivalent bleaching disc, be d‘. There 
are four t r tuat.iona: 

[11 Small real disc: the bipolar signals u i th and uithout p are 
the Jogs of {p*d4bJ/b and Id+bJ/b, 

[2) Large r*sl disc] uith and uithout p, the bipolar signals are 
thu logs of (p+d+bl/fd+b) and [d+bJ/(d+b>. 

(3^ Small I - bleached disc: the bipolar signals uith and uithout p 
art the logs Of ( (p+b} /d' li /b 3nc tb/d')/b+ 

i4J Large bleached disci 1 (b+b)/d'}/fc/d' I and [(b/d")/fb/d'>, 

* 

The situations uith and uithout bleScnings are different, because 
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the quantities in (it are bigger than thOsE In 'IE), hut thp*e in 
f3i are sma I I er than those in 14). The present theory; thus 
£(S st Ingui ghas the tun situations: any non- 1 inear i X \ es In the 
system (uhich are to be aeuectod in cases {1} and E2> if b i& 
large) uould tend to give Uesthe i mer h s result in the case of real 
light-, The present model 1e not specific about temporal 
proper tieE of the retina - indeed this is probably quita a large 
subject: tne findings of Ernst liSSBi may be consequences of 

the receptor signal being sc much, attenuated. 

4 L= bEEudo Until rg-aj-jm ib£ ny? 

Finally, the experinents of Rcshton £ Uesthaiaer C1962), and 
of Hushton (19G5a and cl must be accounted for. As is probably 
clean all the necessary inputs are present for a gain-box type 
af mechanism to operate in the gmacrine layer, the gain-hox 
itseff being probably the bipolar cel! axon terminal. But this 
requires that tha bipolar signal oe linear, and the variouE othsr 
difficulties Mhtioncd In section 3 of Part 11 arise, The effect 
of all these difficulties is to make one asK whether these 
results cann-ct be explained by phenomena in the outer plexifarm 
layer uitheut involving the gain-b&K meehsnian, This is a strange 
question* because one of the attractions of the present theory is 
that it provides the missing input that seemingly makes Rushten's 
theory ceme true,- But observe the fc Sowing analysis of the 


results ef 1,1 above. 
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4.1 ^ijsh ton £ Ug 5 their.gr 11352) 

Let us first analygE the grating experiBEnt of Jtushton 5- 
JJogtne irner. Their effect ho I os for Host people only for gratings 
with periods up to about 33" at £ ueg eccentricity, which fag 
they paint out) is consistent with ether measurements Is. g. 

H@11stt 1962) of the resolution of thE'rod channel in that 
region* But according to the present theory* the raw rad- signal 
is not transmitted to the inner retinal layers: what is 
transmitted ■f the Sum of a large number Of small logarithmic 
terms iogEH/HJ, where R is the ha cep tor response, an.0 H is the 
Horizontal cell respense. Assuming that K is constant in the two 
experimental cases* one can estimate the s lit Of the signal as 
fo11 cue: 

Case {lit bleaching through a grating. There 3re n bleached 
receptors, and n unbleached, so the total signal is roughly 
nfJogA + logiR^oxpluElff} + where £1 Is the amount of bleaching 
received by those rods that were bleached. 

□ ass 12i: uni fern bleach, hare, pi i 2n receptors were bleached, 
so that the signal size is about 2n(IogLFV sxpikB2))), 

These two e*pr*esiers are the eat^s if B1-2B2. This effect could 
suffice to explain tbs -esul ts of Rush ton £ U e s t'ha i mer, as 
modified by Barlow 8 - Andrew* {1972), 

4.2 ^uphfon (i36&al 

)n a later experiment, ftuahton bleached a region of the 
r*tina through 3 grating, and then measured the region's 
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increment threshold using: the sane grating at the same, and at 
the appdaita phase relation to the bleaching Stilus. Ha found 
Shat for a grating pf period 30', the threshdo was the same In 
Path cases. Let us calculate the difference: signals that ue 
enpect according to the present theory. Suppose that the 
unbleached receptor response to the test flash is RI for the 
light bar* of the tost grating, and R2 for the dark tars* Then if 
the light bars fall on bleached receptors, the response is 
(I eg(Rl/axp(kSJi + 3cglR2>lt and if the dark barE fall on 
bleached receptors* the response is (IcglRl) + IogiR2/exp(kBl )} , 
In both cases, the result is the sane. A similar argument can be 
constructed for the Oths-- experiment (Rushton 19G5eJ, 

4.3 Hhaf does thIs mear ? 

The arguments outlined in the last two sections rest on a 
large number of assumptions about the nature of the bipolar 
signal,, probably not all of which are corrects the bones of' the 
present theory nOuld Survive tha disproof of many Of tha-P, 

Never the Iesg + it is disquieting to find that pseudo light, an 
explanation of which is one of the Strong point® of this theory* 
turns out not to be Involved Ip tint explanation of the above 
phenomena, because those phenomena were part of the reason why 
one was so interested In pseudo light. The reason why 
explanations of the aop ve kind have beer, overlooked is the 
evidence about the linear nature of early retinal prtceoseir in 
particular, Ricco 1 s La-u, and the findings of AI pern et al. 
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